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The  area  of  "Dynamic  Behavior  of  Materials  and  Structures"  has  always  been 
one  of  great  interest  to  Army  engineers  and  scientists.  It  is  important  for  a  better 
understanding  of  the  design  and  performance  of  all  Army  materiel  including  guna, 
armor,  explosives,  military  vehicles,  and  bridges.  A  conference  on  "High  Loading 
Rate"  was  conducted  in  March  1959  by  Mr.  James  J.  Murray  at  the  Army  Research 
Office- Durham.  In  1961  a  group  of  Army  engineers,  during  a  meeting  of  "Operation 
Crossfire"  conducted  by  this  office,  unanimously  voiced  the  necessity  for  a  meeting 
on  dynamic  behavior.  As  a  result,  the  1962  conference  on  this  subject  was  held  at 
Springfield  Armory. 

In  its  role  of  responsibility  for  Army  scientific  symposia,  the  Army  Research 
Office- Durham  organized  the  conference  for  the  benefit  of  all  Army  scientific  agencies. 
Participation  from  academic  institutions  and  industry  was  obtained.  More  than  one 
hundred  and  fifty  participants  from  Government,  universities,  and  industry  attended 
the  conference. 

The  Army  Research  Office-Durham  is  most  appreciative  to  Springfield  Armory 
for  acting  as  host  for  the  conference,  and  for  the  excellent  arrangements  which  were 
made.  Special  mention  should  be  made  of  the  efforts  of  Dr.  Alexander  Hammer  and 
his  Commanding  Officer,  Colonel  C.L.P.  Medinnis.  Dr.  Sudhir  Kumar  of  this  office 
acted  as  General  Secretary  of  the  conference,  and  has  edited  these  proceedings. 
Thanks  are  also  due  Messrs.  J.N.  Crenshaw,  Harry  0.  Huss,  Frederick  J.  Lindner, 
J.  Nelson  Daniel,  Charles  j.  Kropf,  Joseph  I.  Bluhm,  and  Robert  E-  Weigle  for  serving 
on  Uie  Planning  Committee  of  the  conference. 

We  are  grateful  for  the  special  addresses  presented  by  The  Honorable  Finn  J. 
Larsen,  Major  General  F.H.  Britton,  Major  General  Alden  K.  Sibley,  and  Dr.  L.W. 
Wallace.  Finally,  I  should  like  to  thank  all  the  authors  and  participants  for  the  high 
technical  standards  which  made  the  conference  a  success. 


tyd  H  6^L, 

NILS  M.  BENGTSON 
Colonel,  GS 
Commanding 
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The  Anny  Conference  on  Dynamic  llchnvior  of  Materials  was  held  at  the  Springfield  Armory, 
Springfield,  Massachusetts  on  26-28  September  1962.  It  was  sponsored  and  conducted  jointly  by  the 
Army  Research  Office- Durham  and  Springfield  Armory. 

As  desired  by  the  I'lunning  Committee,  this  conference  was  held  with  emphasis  on  design  criteria. 
However,  a  cross  fertilization  of  different  disciplines  with  common  interest  in  dynamic  behavior  of 
materials,  was  considered  desirable.  With  this  in  mind,  the  session  headings  were  kept  quite  general 
so  as  to  accomodate  different  points  of  view.  Active  participation  from  all  quarters  of  the  Army  both 
os  authors  and  attendees  was  obtnined.  As  many  as  156  attendees  took  part  in  the  conference. 

Unfortunately,  due  to  an  accident,  Dr.  G.G.  Quarles,  the  programmed  General  Chairman  of  the 
Conference,  could  not  come  and  the  undersigned  filled  in  for  him,  und  opened  the  conference  on 
Wednesday,  September  26th.  The  Keynote  Address  was  then  given  by  Major  General  F.ll.  Britton  on 
US.  Army  Materiel  Commund  Headquarters  Organization.  Five  half  day  sessions,  three  in  the  mornings 
and  two  in  the  afternoons  were  held.  Banquet  gathering  with  an  address  by  Honorable  Dr.  Finn  J. 
Larsen  on  "Materials  Research”,  two  luncheon  gatherings  with  addresses  by  Major  General  Alden 
K.  Sibley  und  Dr.  L.  W.  Wallace  on  "R  &  D  for  Army  Mobility”  and  "Managerial  Environment” 
respectively,  highlighted  the  social  gatherings.  Ample  time  for  individual  discussion  of  papers  was 
also  provided  after  their  presentations.  Several  movies  on  technical  topics  were  shown  as  part  of 
some  paper  presentations. 

The  program  of  the  Conference  was  ns  follows: 
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0100  Reg  litre  lien 

0900  Wv  kerne  by  c— Officer,  Springfield  A/mery,  Spr>**held. 
Mettechutettt 

COIONEL  C.  1.  MEWNNIS 

0915  Introduction  el  Keynote  Speokei 

COIONEL  NILS*.  BENGTSON 

Cwmimt  Oflicer,  U  S.  Ki my  Reteerch  Office  D** horn 
Durham,  North  Carolina 

Kaynota  ANrfii 

MAJOR  GENERAL  F.  H.  BRITTON 

Director  •(  Retaorch  and  Development,  Army  Motor  tel  Command 
1000  CaHaa  Break 

1030  Romorkt  by  DR.  G.Gl  QUARLES,  Oiial  Scientific  Advitor,  OHica, 
Dual  of  Enfinaar*,  Walking  ton,  D.C.,  Ganaral  Chairman 
of  the  Conference,  followed  by  infroduction  af  Section 
Chairmen 

SESSION  I  •  pfablam  Areoi 

CHAIRMAN  MR.  JOSEPH  CRENSHAW,  Dynmeictet. 

US.  Army  Or  drone  a  MiiliU  Support  Agency, 
Raditana  Artanal,  Alabama 

CO-CHAIRMAN  -  UR.  NELSON  DANIEL,  Olal,  Syttern* 

ond  Equipment  Dnrition,  Aviation  Director- 
ata,  U.S.  Amy  Tr  ana  porta  I  ion  Raaaarch 
Command,  Fart  Euttit,  Virginia 

1040  Soma  Preblemi  Involved  in  Taatlng  Ma  tar  I  alt  at  High  Strain  Rota* 

ULR1C  S.  LINDHOLM,  Senior  Rataarch  Engineer,  South- 
watt  Raaaarch  Inititute 


Dynamic  Lowar  Ytald  Stratt  Vet  tut  Temperature  Ralatianthip 

WILLIAM  GRIFFEL,  Picetinny  Ar  renal,  Dover, 

New  Jartay 

Instrumentation  far  Evaluation  af  A/tillary  and  Rachel  Launch- 
ar  Parf ormonce  af  Rock  lilond  Artanal 

A  C  HANSON,  Reck  I » land  Artanal,  Rack  Itlond, 
liltnait 

E  fleet  t  of  Shock  We  vet  on  Underground  Sfructuret  •  a  Survey 
af  tha  F  undo  menf  a  I  Problem 

DIETRICH  E.  GUDZENT,  U.S.  Army  Ordnance  Mittlle 
Support  Afancy,  Radttona  Artanal, 
Alabama 

1300  Lunch 

1345  Introduction  of  Luncheon  Speaker 

MR.  JAMES  J.  MURRAY,  Director,  Engineering  Sc  I* 
encot  Divitien,  U  S.  Anny  Rataarch  Offke- 
Durham,  Durham,  Narth  Carolina 

Luncheon  Addratt 

MAJOR  GENERAL  ALDEN  K.  SIBLEY 
Ctmmonding  Ganaral,  U.S.  Army  Mobility  Command,  Datrait 
Artanal,  Can  tar  line,  Michigan 
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CHAIRMAN  DR  At  t  XANDt  R  HAMMt  R,  Chief, 

Mr.  bom  hi  I  Rattiiuh  IWumh,  S|>myfi*ld 
Armory,  S|*  i  f*j  1 1  •  Id,  Mol  SOC  husetl  I 

CO  CHAIRMAN  OR.  HtRMAN  P  GAY,  U  S.  Army 
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deen  Proving  Ground,  Maryland 

Study  ot  Shock  and  Vibration  Effect*  on  V*hid*l  Through 
Dynamic  Simulal'on* 

FRED  PRADKO,  S.  HI AL,  and  V.  KOWACHEK.  U  S. 

Army  Tank  Aulomotiv*  Cent*!,  Detroit 
Ar»*nol,  Centerline,  Michigan 

Rolled  Armor  St**l  Brittle  Froituf*  T*mp*iotur*l  and  D*»ign 
Significance 

V.H.  PAGANO,  U  S.  Army  Tank  Automotive  Center, 
Detroit  Arsenal,  Centerline,  Michigan 

Dynamic  Stren  Concentration  Foctort 

RICHARD  SHEA,  Watertown  Arsenal,  Watertown,  Motts 
chuietti 

1445  Coffee  Break 

1515  The  Dynomic  Behavior  of  Hypercritical-Speed  Shaft* 

JOW  E.  VOORHEES,  C.C.  MELLOR,  and 
R.G.  DUBENSKY,  Battell*  Memorial  Institute, 
Columbul,  Ohio 

Dynamic  Retpont*  of  Military  Bridge* 

LT.  w.  G&iE  CORLEY,  Fori  Belvoir,  Vlrginlo 

Structural  Design  Criteria  (or  Military  Vehicles 

CLARENCE  WINFREF.  Detroit  Arsenol,  Centerline, 

Michigan 
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LI  L  G  MILIKL  and  1  f  .  MACIAUGHLIN,  Waiervliet 
Arsenal,  Water  vliel.  New  York 

Comparative  Forming  Technique*  for  Titanium  Helmet* 

HELEN  AGEN,  U  S.  Army  Ouorlermoster  Research  ond 

Engineering  Center,  Natick,  Mo**ochu**lt* 

1200  Luncfi 

1245  Introduction  of  Luncheon  Speaker 

DR.  ALEXANDER  HAMMER,  Chief,  Mechamcol  Re 
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CHAIRMAN  DR.  REINIER  BEEUWKES,  JR.,  U.S.  Amy 
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CO-CHAIRMAN  •  MR  JOSEPH  I.  BLUHM,  Watertown 
Arsenol,  Watertown,  Ma**ochu*ett* 

1330  Experimental  Dynamic*  of  Material* 

GEORGE  GERARD,  Director  of  Engineering  Science*, 
Allied  Re*earch  A**ociote«,  Inc.,  Bolton, 
Massachusetts 

A  Method  for  Rapid  Dynamic  Evaluation  of  Large  Weapon 

Component* 

THOMAS  F.  MACLAUGHUN  and  JOHN  P.  PURTELL, 
Watervliet  Arsenal,  Wotervliet,  New  York 

Tensile  Impact  on  Rubber  ond  Nylon 

MALCOLM  N.  PILSWORTH,  JR.,  U.S.  Army  Quortermoster 
(  Research  and  Engineering  Center,  Notick, 

Massachusetts 
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CHAIRMAN  •  MR.  CHARLES  J.  KROPF,  Army  Tonk- 
Automotive  Center,  Detroit  Arsenal, 
Centerline,  Michigan 

CO-CHAIRMAN  .  MR.  HARRY  0.  HUSS,  Assistant  to 
Chief  Engineer,  CBR  Engineering  Group, 
U.S.  Army  Edgewood  Arsenal,  Maryland 

The  Effect  of  High  Rot*  Loading  on  the  Mechanical  Properties 
of  Ordnance  Materials 

.  ALEXANDER  HAMMER  and  HUBERT  CADLE,  Spring- 
field  Ar  mory,  Springfield,  Massachusetts 

Determination  of  Yield  Strengths  of  Engineering  Material*  at 
High  Loading  Rote* 

EARL  H.  ABBE,  Springfield  Armory,  Springfield, 
Massachusetts 

Explosive  Deformation  of  Beams 

E.N.  CLARK,  F.H.  SCHMITT,  and  D.G.  ELLINGTON, 
Picatinny  Arsenal,  Dover,  New  Jersey 

1015  Coffee  Break 


1445  Coffee  Break 

1515  High  Loading  Rat*  Testing  Machine;  Development  and 
Typical  Materials  Test  Applications 

T.M  .  ROACH,  Picatinny  Arsenol,  Dover,  New  Jersey 

A  Medium-Speed  Tensile  Testing  Machine 

A.G.H.  ANDERSEN,  Watertown  Arsenol,  Watertown, 
Massachusetts 

A  New  Concept  for  Studying  Pressure  Vessel  Configurations 
Under  Very  High  Pressures  and  Loading  Rotes 

T.E.  DAVIDSON  ond  DrP.  KENDALL,  Watervliet  Arsenol, 
Watervliet,  New  York 

1900  Banquet 

Toastmaster  of  the  Evening 

DR.  RICHARD  WEISS,  Director,  U.S.  Army  Roseorch  Office, 
Washington,  D.C. 

Banquet  Address 

DR.  FINN  J.  LARSEN,  Auiilant  Secretary  ol  tha  Army 
(Research  and  Development) 
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FRANCIS  B  PACA,  U  S  A/ory  Engine**  Riitodi  ond 
D*oolofi«oont  Lob«otwio»,  fort  IWIroif, 
Virginia 
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JN  CRENSHAW.  US  Amy  &4ne«*c#  Miitll*  S**«t 
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These  proceedings  have  been  edited  quite  carefully,  however,  there  may  still  be  several  over¬ 
sight8  and  shortcomings,  for  which  the  Kditor  uccepts  full  responsibility.  For  reasons  of  economy 
these  proceedings  were  published  at  this  office. 

It  is  a  pleasure  to  express  our  gratitude  to  Dr.  Alexander  Hammer,  without  whose  untiring  efforts 
this  conference  could  not  have  been  held  so  efficiently.  We  are  also  very  appreciative  of  the  help 
rendered  by  the  members  of  the  Planning  Committee  and  the  Review  Committee  and  the  many  other 
individuals  without  whose  help  this  conference  could  not  have  been  possible. 

In  this  volume,  there  is  included  in  addition  to  the  proceedings  of  this  Army  Conference  a 
supplement  of  abstracts  of  papers,  presented  almost  simultaneously  at  two  other  important  con¬ 
ferences  on  the  same  subject.  The  three  conferences  were  held  in  distant  locations  of  the  country 
for  different  audiences.  While,  there  may  be  several  participants  who  attended  more  than  one  con¬ 
ference,  a  large  percentage  could  not,  and  it  was  felt  desiruble  to  have  this  consolidated  presentation. 
For  this  reason  a  list  uf  participants  of  the  ASTM  conference  and  a  list  of  invitees  (list  of  parti¬ 
cipants  could  not  be  supplied  to  us  by  the  organizers)  of  the  Air  Force  Conference  have  also  been 
included.  Acknowledgement  and  thanks  are  due  to  The  Aeronautical  Systems  Division,  the  Office 
of  Aerospace  Research,  University  of  New  Mexico  and  The  American  Society  of  Testing  Materials 
for  making  this  material  available  and  for  granting  permission  to  reproduce  it. 


Engineering  Sciences  Division 
ARMY  RESEARCH  OFFICE(DURHAM) 


SUDHIR  KUMAR 

General  Secretary  of  the  Conference 
and  Proceedings  Editor 
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Keynote  Address 

A  U.  S.  ARMY  MATERIEL  COMMAND  HEADQUARTERS  ORGANIZATION 

Major  General  F.  II.  Britton 
Director  of  Research  and  Development 
^  Army  Materiel  Command 


May  l  express  my  thanks  to  Colonel  C.  L.  Medinnis  for  his  welcome 
and  to  Colonel  Nils  M,  Bengtson  for  his  kind  introduction.  Both  are  to 
be  congratulated  on  co-spot  soring  this  conference  which  I  believe  will  en¬ 
hance  the  reputation  of  our  Armv  laboratories,  particularly  those  in  the 
*  commodity  commands. 

The  gentlemen  who  will  speak  to  you  during  the  course  of  this  confer¬ 
ence  represent  several  disciplines  in  science  and  engineering.  Most  speak¬ 
ers  come  from  Army  laboratories.  This  is  an  admirable  feature  and  helps 
in  improving  the  coherency  of  our  Army  endeavors.  The  contributions  of 
the  speakers  from  our  contractors  and  university  associations  add  breadth 
and  vision  to  the  whole  program. 

The  Planning  Committee  headed  by  Dr.  Alexander  Hammer  has  brought 
together  design  engineers  and  scientists  who  are  working  in  the  field  of 
f  dynamic  loading.  This  approach  is  a  praiseworthy  one  and  we  hope  that 

many  more  conferences  of  this  sort  will  follow  where  Army  engineers  and 
scientists  will  mingle  and  exchange  ideas  about  our  needs  and  possible 
solutions. 

The  opportunity  of  participating  in  this  conference  on  "Dynamic  Be¬ 
havior  of  Materials  and  Structures"  offers  an  occasion  to  explore  with  you 
the  dynamic,  changes  in  management  resulting  from  the  reorganization  of 
the  Army. 

As  all  of  you  know,  1961  and  1962  have  been  years  of  great  change  for 
the  Army.  Weapons  have  become  more  and  more  complex  and  costly. 
Management  of  their  research,  development  and  production  calls  for  new 
approaches  so  that  cost,  over-runs,  reliability  failures  and  schedule  slip¬ 
pages  will  be  sharply  reduced  and  a  better  program  balance  achieved. 
v  The  impetus  for  this  increased  attention  to  the  management  problems  has 

come  from  Secretary  McNamara.  I  believe  a  review  of  these  changes  will 
interest  you. 
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Onr  ul  1 1 .f  simly  |iri)|i'i  ts  which  was  assigned  to  tlu;  Army  by  Secretary 
Mi  N.mur.i  was  '  Project  80,  "  on  the  Army  organization.  Mr.  L,  W.  Hoel- 
>,1  her  Deputy  Comptroller  ol  the  Army  undertook  the  study  and  was  assisted 
bv  a  team  of  Army  officers  and  civilian  employees.  It  was,  as  Secretary 
lgr  ,i'  as  has  pointed  out  "a  i  riticnl  self-examination  of  the  Army,  by  the 
Army."  The  sweep;-  g  i  hatiges  recommended  by  the  Project  80  study  group, 
arc1  approved  by  the  Set  retary  of  the  Army  and  the  Secretary  oi  Defense, 
thus  take  on  more  significance,  perhaps  than  would  have  been  the  case  had 
they  been  madi  by  an  outside  group,  unfamiliar  with  all  the  traditions  and 
nuam  es  ot  the  way  in  which  the  Army  works. 

The  changes  which  the  Hoelscher  Committee  recommended  in  the  or¬ 
ganization  of  the  materiel  side  of  the  Army  are  the  most  dynamic  and  cer¬ 
tainly  the  ones  of  greatest  interest  to  this  audience. 

First  and  foremost  the  Hoelscher  Committee  recommended  that  the 
materiel  functions  of  the  several  technical  services  --  Enginee rs,*  Ord¬ 
nance,  Signal  Chemical,  Quartermaster,  and  Transportation  should  be 
transferred  to  a  new. single  command,  with  the  commander  reporting  di¬ 
rectly  to  the  Chief  of  Staff  and  the  Secretary  of  the  Army.  Even  if  this  had 
been  the  only  change  recommended  by  the  Hoelscher  Committee,  it  would 
have  been  revolutionary  for  the  technical  services,  which  were  so  long  a 
part  of  the  Army  picture,  going  back  in  some  cases  to  the  origins  of  the 
national  government.’ 

Essentially  in  the  old  system,  complete  integration  among  the  tech¬ 
nical  services  on  the  difficult  task  of  weapons  acquisition,  development  and 
production,  was  time  consuming.  In  an  aircraft,  for  example,  the  Trans¬ 
portation  Corps  had  responsibility  for  the  air  frame,  the  Signal  Corps  for 
the  electronics  gear  and  Ordnance  for  any  armament  the  plane  carried. 
There  was  almost  no  large  modern  weapon  systems  that  fell  wholly  within 
the  technical  bounds  ol  a  single  technical  service.  Usually  several  were  in¬ 
volved.  And  while  primary  responsibility  was  typically  assigned  to  a  spe- 
cifu  technical  service  the  problems  of  coordination  were  found  to  be  acute. 
\n  addition  the  division  of  authority  between  DCSLOG  and  CRD,  also  created 
solin'  problems.  It  is  seldom  m  a  large  modern  weapon  system,  that  we 
can  draw  a  clear  line  between  development  and  production  of  a  system,  and 
•lie  transition  period  from  development  to  production  is  often  a  critical 
phase  m  the  life  cycle  of  a  weapon. 

Coordination  problems  among  the  technical  services  and  the  problem 
of  divided  responsibilities  between  the  development  and  procurement  phase 
of  a  weapon  system  led  many  observers  to  the  belief  that  the  "lead-time" 
on  Army  weapons  was  excessive,  that  in  some  cases  costs  were  higher 


’’  Not  including  the  civil  functions 


% 


✓ 


9 


4 


9 


than  necessary,  and  that  performance,  once  in  the  field,  was  not  always 
equal  to  the  needs  of  eombat  personnel.  Briefly  stated,  such  factors  led 
the  Hoelscher  Committee  to  recommend  a  unified  Army  Materiel  Command. 

ORGANIZATION  OF  ARMY  MATERIEL  COMMAND 

The  headquarters  ordain/. itioi  ul  the  Army  Materiel  Command  is  shown 
in  Figure  1 . 

Within  headquarters  tln-re  is  strong  supporting  staff  that  can  relieve 
the  Department  of  Army  stall  personnel  ol  much  of  the  day  to  day  activity 
that  they  have  been  forced  to  t  <  iah.it  ir  the  past.  This  should  permit  the 
Army  headquarters  stall  'o  In  i.s  icreas.ngly  o’-  long- range  plans  pro¬ 
grams  and  policies.  Alsi  included  is  the  Rest  an  h  and  Development  Direc¬ 
torate  about  which  I  will  say  more  la'er. 

AMC  COMPTROLLER  AND  DIRECTOR  OF  PROGRAMS 


Now  let  me  direct  your  attention  to  the  Office  of  the  Comptroller  and 
Director  of  Programs.  This  office,  under  General  Bunker,  combines  two 
functions  that  are  often  separated  in  large  organizations.  We  believe  that 
the  two  functions  of  Programming  and  Funding  belong  together,  and  that 
their  combination  in  this  single  office  will  add  considerable  strength  and 
cohesiveness  to  the  direction  and  control  of  operations. 

AMC  PROJECT  MANAGERS 


Here  wc  have  "Project  Managers."  There  are  currently  around  thirty 
(30)  large  dollar  value  or  critical  programs  that  can  be  identified.  These 
30  some  programs  are  a  minute  traction  of  the  total  number  of  items  which 
will  be  handled  by  AMC,  but  involve  a  large  fraction  of  the  funding.  It  is 
clear  that  if  AMC  is  to  discharge  its  overall  mission  satisfactorily,  these 
programs  must  receive  a  major  share  of  our  attention  and  must  be  vigor¬ 
ously  and  effectively  managed.  For  this  purpose  we  have  established  as 
an  integral  part  of  the  AMC  structure  a  system  of  Vertical  Program  Manage¬ 
ment  that  will  be  applied  to  these  programs.  It  should  be  stressed  that  this 
vertical  management  structure  is  basic  to  the  concept  under  which  AMC 
was  established.  It  was  not  something  hastily  superimposed  on  a  functional 
organization.  It  is,  and  will  continue  to  be  the  m ai n  management  pattern 
for  about  half  of  our  total  resources. 

Before  turning  to  a  discussion  of  how  this  project  management  system 
works  and  how  it  interfaces  with  the  AMC  functional  organization,  let  us  try 
to  define  more  precisely  what  we  mean  by  vertical  project  management. 
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This  te rm  mc.ms  tin:  vesting  in  a  single  individual,  group  or  organi¬ 
zation,  of  the  sole  line  authority  and  responsibility  for  accomplishing  the 
objectives  of  a  program.  The  individual  is  charged  exclusively  with  the 
accompli shment  of  his  program  objective  and  his  attention  and  effort  are 
not  divided  among  a  host  of  other  tasks  and  programs. 

Three  things  essentially  identity  the  project  manager  approach.  In 
tin'  first  place,  he  has  an  adequate  project  staff  assigned  to  his  immediate 
office  and  responsive  directly  to  him.  Tibs  staff  consists  in  part  of  tech¬ 
nical  personnel  who  can  follow  the  main  problems  of  the  weapon  (whether 
they  lie  developmental  or  production)  and  who  can  initiate  proposals  for 
solving  technical  problems,  subject  to  approval  bv  the  project  manager. 

The  technical  personnel  will  m  addition  mitiati  tie  technical  development 
plan.  The  project  manager  also  has  a  management  or  administrative  staff 
immediately  responsive  to  the  needs  of  the  projec  t  m  such  areas  as  pro¬ 
gramming,  budgeting,  financial  management  and  the  like.  The  project 
manager  works  closely  with  AMC  staff  in  the  programming  and  budgeting 
of  the  overall  R&D  program  because  he  must  participate  in  husbanding  the 
resources  of  the  Army. 

A  second  feature  of  a  project-oriented  organizational  structure  is  the 
fact  that  the  project  manager  controls  the  dollar  resources  allotted  to  his 
project.  These  funds,  plus  his  authority  over  a  specific  project,  means 
that  the  project  manager  can  "buy1'  a  substantial  amount  of  support  and 
assistance,  both  from  in-house  laboratories  and  installations,  and  from 
contractors. 

A  third  feature  of  projec  t  management  in  AMC  is  that  each  manager 
can  communicate  directly  with  the  Commanding  General  of  AMC. 

COMMODITY  AND  OTHER  COMMANDS 

AMC  has  five  commodity  commands,  a  Supply  and  Maintenance  Command 
and  a  Test  and  Evaluation  Command  as  outlined  in  Figure  2.  The  Com¬ 
mands  represent  a  regrouping  of  the  former  technical  services  along  com¬ 
modity  lines.  Thus  the  Missile  Command  replaces,  on  a  somewhat  ex¬ 
panded  basis,  the  former  Army  Ordnance  Missile  Command  at  Huntsville, 
and  has  also  been  assigned  Watertown  Arsenal  production  facilities.  Major 
General  Francis  J.  McMorrow  is  the  Commanding  General.  Responsibil¬ 
ities  include  free  rockets,  guided  missiles  and  associated  equipment. 

The  Electronics  Command  under  Major  General  Stuart  S.  Hoff  at  Ft. 
Monmouth  includes  among  its  responsibilities  communications,  electronic 


warfare,  combat  surveillance,  automatic  data  processing,  radar  and  me- 
p  tcorological  materiel. 

The  Mobility  Command  at  Detroit  under  the  direction  of  Major  General 
A I  den  K.  Sibley  is  quite  complex.  Here  responsibilities  include  among 
r  others,  air  and  surface  mobility,  power  generation,  construction,  barrier 

and  bridging  equipment,  and  general  purpose  vehicles. 

The  Munitions  Command  urate  r  Major  General  William  K.  Ghormley 
combines  the  Army  Chemical  Center,  Fort  Detrick,  CBR  Agency  with 
Krankford  and  Picatinny  Arsenals  and  Joliet,  Pine  Bluff  and  RockyMoun- 
tain  Arsenals,  etc-.  Nui  lear  and  non  nuclear  ammunition,  rocket  and  mis¬ 
sile  warheads,  chemical  biological  and  radiological  materiel  and  pyro- 

♦  technics  are  among  the  responsibilities  ol  this  command. 

The  Weapons  Command  at  Rock  Island  under  Major  General  Nelson  M. 
Lynde,  Jr.  is  assigned  Watervliet  and  Rock  Island  Arsenals  and  Springfield 
Armory.  Its  responsibilities  are  specialized  on  small  arms,  gun  type  weap¬ 
ons  and  systems. 

The  Test  and  Evaluation  Command  under  Brigadier  General  William 
F.  Ryan  is  located  at  Aberdeen  Proving  Grounds.  Activities  include  field 
engineering,  service  production  and  surveillance  tests  and  evaluations,  and 
supervision  of  troop  tests  conducted  by  the  Combat  Developments  Command 
0  or  CONARC. 

The  Supply  and  Maintenance  Command  in  Washington,  D.  C.  is  under 
Lt.  General  A.  Schomburg.  It  combines  many  functions  of  the  Army  through 
the  wholesale  level.  Involved  are  stock  control,  storage,  distribution,  de¬ 
pot  maintenance,  transportation  and  disposal  of  Army  controlled  materiel 
and  supplies. 

The  Commodity  Commands  undertake  development,  engineering,  pro¬ 
duction  planning  and  production  work.  In  addition  all  commodity  commands 
have  laboratories  where  research  directly  associated  with  the  respective 
commodity  is  accomplished.  Where  a  capability  already  exists  in  the  re¬ 
search  area,  and  has  been  utilized  by  all  Army  agencies,  it  is  expected 
that  this  capability  will  continue  to  be  maintained  and  to  be  improved  in 
quality  for  the  betterment  of  the  Army  endeavor.  A  single  example  might 

*  be  mentioned,  namely  the  nonferrous  capability  at  Frankford  Arsenal  in 
the  Munitions  Command.  This  is  an  important  and  nationally  recognized 
endeavor  useful  to  all  Army  Commands.  There  are  many  other  examples 
but  in  order  to  save  time  I  will  not  discuss  them  further. 
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I  be  si  .  ndeperderl  Army  Lah.oi  iimies  ati  not  assoc  ated  with,  a  spec’fi 
i  i)*ii!iii  cl  1 1  v  i  mnni, ai  d  bn'  work  m  ate. is  who  1.  lover  important  Armv-wi.de 
i  '  i|'.i  remei't s  I  In  v  i  as  I  i.wt  ver  pio'idi  supper’  tv.  the  Commodity  Com- 
ma’-ds  wi.  rkirg  m  many  areas  of  three  t  .uteres’  u  them  In  this  respect 
their  work  nugld  be  i  crsidei  ed  as  a  lordr.utor  type  operation  lor  the  com¬ 
modity  t  n  mm  and  i  om  e  i  i  ed 

R  i  scan  h  whu  h  is  di  ret  1 1  v  asset  1  at  t  d  with  a  com  mod*  ty  a  i  e  a  will  be 
ai  i  einpli  shed  L.al'uraiunes  or  Ageneies  within  the  eommodity  commands 
I  he  part  id  the  aitivity  ,r  these  tommodily  i  otiimand  laboratories,  which 
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Figure  No. 


Figur«  No. 


arc  Army-wide  in  scope  will  also  continue  as  has  been  previously  mentioned. 


A  second  feature  is  that  the  research  programs  of  all  organizations 
within  the  Army  Materiel  Command,  including  those  of  the  Independent 
Laboratories  and  those  of  the  major  subordinate  commands  are  authorized 
by  the  Research  Division. 

A  third  feature  is  in  the  area  of  materials  research.  The  fields  of 
materials  are  vast,  the  number  of  materials  many,  the  number  of  inde¬ 
pendent  investigators  large  and  the  number  of  reports  immense.  Complete 
coordination  is  essential.  I  le  re  a  real  challenge  exists  in  pulling  together 
the  whole  activity  into  the  materials  program  of  AMC  and  integrating  the 
product  with  the  national  effort.  AMRA  will  be  the  focal  point  for  this  en¬ 
deavor. 

DEVELOPMENT  DIVISION 


The  Development  Division  AMC  will  look  to  the  field  installations  for 
detailed  technical  competence.  Development  as  well  as  research  is  a  nec¬ 
essary  step  in  placing  equipment  in  the  hands  of  the  troops,  in  effective 
quantities  at  the  appropriate  time.  Let  me  here  take  time  to  mention  with 

1  pride  the  significant  contributions  which  Springfield  Armory  is  making  to 

the  combat  capability  of  the  U.  S.  Army.  The  new  family  of  infantry  and 
tank  weapons  are  examples  including  the  M7  3  and  M85  machine  guns,  M14 
rifle  and  M79  Granade  Launcher.  It.  is  important  to  recognize  that  these  ' 
products  are  developed  in-house  at  Springfield  Armory  by  its  own  engineers. 
And  I  am  confident  that  Springfield  Armory  and  the  Weapons  Command  will 
continue  to  bring  about  not  only  improvements  in  component  life,  reductions 
in  weight  and  greater  reliability  but  also  unique  weapons  based  on  new  con¬ 
cepts  and  new  principles. 

Example  outside  of  Springfield  Armory  but  within  the  Weapons  Com¬ 
mand  might,  be  cited.  At  Watertown  the  results  of  research  at  several  lab¬ 
oratories  including  one  outside  of  the  Weapons  Command,  and  their  con¬ 
tractors  were  applied  to  the  casting  of  large  gun  parts.  Improved  quality 
was  obtained.  This  was  the  reason  for  the  effort,  and  it  was  accompanied 
by  not  only  savings  in  cost  but  also  savings  in  production  time.  At  the  time 
the  work  was  done  Watertown  was  part  of  the  Weapons  Command. 

*  At  Rock  Island  Arsenal  the  Research  and  Development  effort  in  rubber 
has  resulted  in  the  use  of  polycarboxylic  elastomer  for  forearm,  butt  stock, 
pistol  grip,  cheek  pad  and  carrying  handle  of  the  M60  machine  gun.  The 
materials  were  compounded  based  on  research  work  and  pilot  production 

*  was  worked  out  in-  house. 
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RM)  PLANNING  AND  TECHNICAL  FORECASTING 


The  facts  of  life  .in:  that  it  takes  from  6  to  *10  years  after  a  new  dis¬ 
covery  to  put  weapons  in  the  hands  of  troops  that  make  use  of  that  know¬ 
ledge.  Reduction  of  this  lead  time  presents  us  a  splendid  opportunity  in 
AMC  to  improve  our  management.  This  is  in  the  field  of  technical  fore¬ 
casting  and  long  range  research  and  development  planning,  At  the  pre¬ 
sent  time,  the  research  and  development  cycle  is  in  a  large  measure  con¬ 
trolled  by  several  factors  such  as  funds,  the  results  of  basic  and  applied 
research,  the  quantitative  materiel  requirements  which  are  established 
by  the  Combat  Developments  Command,  the  results  of  feasibility  studies, 
Army  war  plans,  Army  capability  plans,  and  the  Army  long-range  de¬ 
velopment  plans.  These  plans  establish  objectives  and  requirements  for 
the  Army  and  indicate  certain  problems  to  be  solved.  During  our  planning 
we  must  keep  in  mind  other  factors  such  as  certain  key  times  when  ad¬ 
vanced  technology  would  indicate  a  time  for  introduction  of  something 
radically  new  into  our  system. 

Our  problem  is  to  pull  all  this  together,  and  here  is  the  approach 
which  we  will  take.  We  will  consider  our  research  program,  the  in-house 
work  of  our  laboratories,  that  of  their  contacts  in  the  academic  world  and 
industry,  and  the  work  of  the  laboratories  within  the  commodity  commands, 
to  obtain  the  primary  input  for  our  longer- range  technological  forecasting. 
We  intend  that  these  laboratories  not  only  participate  in  actual  research, 
but  in  the  planning  lor  research  to  meet  our  objectives. 

The  commodity  commands  will  provide  inputs  to  our  planning  in  the 
areas  of  technological  improvements  needed  in  various  elements  of  wea¬ 
pons  or  equipment  systems  to  meet  stated  objectives.  The  DA  staff,  the 
Combat  Developments  Command,  and  other  such  agencies  will  provide  in¬ 
puts  such  as  tactical  capability  objectives,  tactical  materiel  performance 
objectives  and  design  objectives  which  will  be  required  on  the  battlefield 
and  in  concepts  of  future  warfare. 

F rom  the  intelligence,  community  we  expect  information  and  predic¬ 
tions  on  foreign  scientific  achievements. 

We  will  weave  all  ol  these  inputs  into  a  planning  matrix  and  defini¬ 
tively  interrelate  our  development  programs  for  the  future  with  those  of 
the  current  time  frame.  We  will  then  be  able  to  establish  priorities,  and 
subdivide  assets  and  competence  to  work  in  certain  predetermined  areas. 
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CAUTION 


This  has  been  a  very  brief  review  of  the  Army  Materiel  Command's 
organization  for  performing  research  and  development,  and  1  have  touched 
briefly  on  the  project  managers  and  our  proposed  method  for  long-range 
research  and  development  planning.  However.  1  think  it  is  only  fair  to 
put  out  here  a  word  of  caution. 

As  I  mentioned  in  tin*  beginning,  we  are  in  the  act  of  merging  and  ad¬ 
justing  the  former  technical  service  organizations  into  this  new  organiza¬ 
tion.  We  are  introducing  new  approaches  for  example  our  efforts  to 
move  out  with  more  critical,  specific  definitive  research  and  development 
planning,  our  establishment  of  a  separate  test  agency,  the  separated  inde¬ 
pendent  Army  laboratories  directly  under  the  Headquarters  and  the  over¬ 
all  control  of  key  projects  by  the  project  managers.  All  of  this  is  going  to 
take  time  to  have  its  full  impact.  However,  given  dedicated  people,  and 
the  adequate  knowledge,  with  real  effort  we  will  meet  the  objectives  which 
have  been  established  as  desirable  for  the  reorganization  of  the  Army. 

You  are  assured  that  the  Army  Materiel  Command  will  bring  to  the  battle¬ 
field  those  weapons  that  are  needed  by  our  soldiers  and  which  will  give  us 
the  capability  we  must  have  for  victory. 
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SOM E  HROBLEMS  INVOLVED  IN  TESTING 
MAT ERIALS  AT  HIGH  S  TRAIN  RATES 

Ulric  S.  Li nrihol m* 


ABSTRACT 

An  intensive  effort  is  now  being  given  lo  tin*  determination  of  the 
rate  dependence  of  the  deformation  of  enginee  ri  ng  materials.-  The  diffi¬ 
culties  associated  with  obtaining  accurate  and  consistent  experimental 
data  on  the  mechanical  response  of  a  material  at  very  high  loading  rates 
are  becoming  better  known.  These  difficulties  are  primarily  associated 
with  inertial  effects  m  the  loading  mechanism,  in  the  measuring  and  re¬ 
cording  system,  and  in  the  specimen  itself.  Other  problems  arise  from 
size  effects  or  specimen  geometry,  in  assuring  axiality  of  the  loading  and 
the  change  from  isothermal  to  adiabatic  test  conditions.  Some  of  these 
difficulties  appear  to  be  surmountable  while  others  are  inherent  to  the 
problem,  A  brief  review  of  two  typical  dynamic  testing  methods  is  given 
in  the  light  of  the  above-mentioned  difficulties.  Emphasis  is  given  to 
methods  which  yield  both  instantaneous  stress  and  strain  data.  The  re¬ 
sults,  in  terms  of  stress  vs.  strain  and  stress  vs.  strain  rate,  of  sev¬ 
eral  investigators  are  presented.  There  is  a  general  need  for  further 
intensive  experimental  work  aimed  at  defining  basic  material  behavior, 

INTRODUCTION 


The  continuing  and  expanding  need  for  quantitative  information 
on  the  dynamic  strength  properties  of  materials  has  led  to  the  large 
amount  of  experimental  work  in  this  area  in  recent  years.  However,  we 
still  cannot  say  at  this  time  that  the  state  of  the  art  is  such  that  dynamic 
material  behavior  is  fully  understood.  This  lack  of  understanding  largely 
accrues  from  the  inherent  difficulties  underlying  the  experimental  prob¬ 
lem.  Although  there  is  general  agreement,  with  exceptions,  that  the 
basic  material  response  is  altered  with  changes  in  the  rate  of  loading  or 
deformation,  quantitative  information  available  on  the  magnitude  of  these 
changes  is  often  dependent  upon  the  particular  testing  technique  employed. 
Recognition  of  the  source  of  these  discrepancies  is  essential  both  in  de¬ 
signing  an  experimental  test  technique  and  in  interpreting  the  results  ob¬ 
tained  from  a  given  dynamic  test.  Most,  of  the  problems  encountered  in 
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performing  dynamic  tests  have  been  discussed  to  varying  extent  in  the  liter¬ 
ature.  It  is  the  purpose  of  this  paper,  first,  to  review  these  problems  and 
then  to  discuss  two  typical  test  techniques  and  some  of  the  results  obtained. 
The  main  emphasis  will  be  on  testing  at  very  high  rates  and  on  establishing 
the  influence  of  strain  rate  in  the  plastic  deformation  of  metals. 

OUTLINE  OF  PROBLEM  AREAS 

Most  ot  the  problems  associated  with  testing  materials  at  very  high 
deformation  rates  art*  associated,  of  course,  with  inertial  effects.  Inertial 
effects  enter  the  problem  in  many  ways:  in  accelerating  the  loading  mech¬ 
anism,  in  the  ability  of  particular  stress  and  strain  measuring  devices  to 
follow  the  high  rate  ot  deformation  ir  »he  response  time  of  the  recording 
system,  and,  perhaps  most  important  of  all,  in  the  nonuniform  distribution 
of  the  variables  to  be  measured  over  the  volume  of  the  specimen.  Other 
items  to  be  considered  are  the  specimen  geometry  and  size  (closely  re¬ 
lated  to  the  last  item  above),  the  uniformity  of  the  loading,  and  the  effect 
of  heat  generated  within  the  specimen  during  the  loading. 

Loading  Mechanism 

As  the  desired  rate  of  loading  increases,  the  normal  static  or  quasi¬ 
static  testing  machines  soon  become  untenable  because  the  forces  required 
to  accelerate  the  moving  parts  of  the  testing  machine  soon  equal  and  surpass 
the  forces  required  to  deform  the  specimen,  therefore,  conventional  test¬ 
ing  machines  have  to  be  abandoned.  For  the  higher  strain  rates,  an  impact 
machine  or  apparatus  of  some  type  is  generally  employed.  There  is  an  in¬ 
termediate  range  in  strain  rates  where  a  pressurized  gas  or  hydraulic  sys¬ 
tem  can  be  employed,  head  speeds  as  high  as  100  fps.  being  obtained.  Our 
present  discussion  however,  will  cinsider  only  the  impact  type  device  as 
being  applicable  at  the  highest  loading  rates. 

In  impact  loading  devices,  the  load  is  transmitted  to  the  specimen, 
either  directly  or  indirectly,  by  a  mass  accelerated  to  the  desired  impact 
velocity.  The  manner  in  which  the  impact  load  is  coupled  to  the  specimen 
has  been  achieved  by  a  variety  of  techniques.  Figure  1  shows  four  differ¬ 
ent  basic  arrangements  of  the  specimen,  specimen  support,  and  impacting 
mass.  The  large  blocks  denote  assumed  rigid  masses,  whereas  the  thin 
rods  represent  elastic  elements  (generally  cylindrical  bars)  which  may  be 
used  as  either  load  transmission  or  measuring  elements  or  both. 

In  Figure  la,  the  specimen  itself  is  accelerated  to  strike  a  rigid 
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mass.  This  technique  was  used  by  Taylor  and  Whiffin  (1)*  to  determine 
dynamic  yield  stress  from  measurements  of  the  final  deformation  in  the 
^  specimen.  Generally  this  technique  has  limited  applicability  because  of  the 

difficulty  of  making  transient  measurements  on  the  test  specimen.  In  Figure 
lb,  the  test  specimen  is  mounted  on  a  rigid  mass  and  is  deformed  upon  im¬ 
pact  from  a  second  mass.  Habib  ( 2 )  has  used  this  method  in  compression  of 
*  copper  cylinders,  indirectly  deriving  the  dynamic  stress- strain  curve  from 

a  large  number  of  measurements  of  the  e  nergy  absorbed  and  permanent 
deformation  in  similar  specimens  subject  to  varying  impact  velocities  and 
impact  masses.  This  method  requires  a  large  number  of  specimens  to 
obtain  a  single  stress-  strain  curve.  Volterra.  et  al.  (3)  used  the  system 
of  Figure  lb  with  the  supporting  mass  suspended  as  a  ballistic,  pendulum. 

The  same  type  of  arrangement  as  m  Fig. re  lb  and  also  lr.  can  be  used  in 
tension  as  well  as  compression,  will  the  <mpacMr.g  mass  moving  in  the 
*  opposite  direction  and  contacting  a  tup  or  shoulder  or.  the  free  end  of  the 

specimen.  The  impacting  mass  can  be  swung  as  a  pendulum,  as  in  modifi¬ 
cations  of  the  standard  Charpy  (4)  or  Izod  (5)  impact  testing  machines,  or 
a  rotating  flywheel  can  be  used  (  6,  7)  to  produce  the  impact. 

In  Figure  lc,  an  elastic  element  has  been  substituted  for  support 
of  the  specimen.  This  element  is  usually  a  dynamometer  or  weigh  bar  of 
varying  length  connected  in  series  with  the  specimen  and  used  to  measure 
load.  Arrangements  of  this  type  have  been  used  in  tension  by  Mann  (6), 
Clark,  et  al.  (4,  10).  Manjoine  and  Nadai  (7.8.9),  and  Baron  (4).  In  com - 
pression,  Turnbow  and  Ripperger  (11)  have  utilized  a  Hopkinson  pressure 
t  bar  as  the  elastic  element,  while  Alder  and  Phillips  (12)  have  substituted 

two  glass  blocks  for  the  elastic  element,  measuring  the  load  by  the  bire¬ 
fringence  created  in  the  glass. 

For  several  reasons  it  can  be  advantageous  to  separate  the  test 
specimen  from  the  impacting  mass  by  an  elastic  loading  bar  as  in  Figure 
Id.  This  bar  can  aid  in  transferring  the  load  uniformly  to  the  specimen 
and  also  act  as  an  elastic  element  in  the  measuring  system.  This  type 
of  split  bar  system  has  been  used  with  various  modifications  by  Kolsky  (13), 
Krafft,  et  al.  (14),  Campbell  and  Duby  (15),  Hauser  et  al.  (16)  and  the1 
write  r  (17).  In  Kolsky's  apparatus  the  .mpacting  mass  is  replaced  by  an 
explosive  charge  to  initiate  the  pressure  wave  in  the  bars. 


*  Numbers  in  parentheses  refer  to  References  listed  at  the  end  of  the 
paper. 
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An  i'Xi  i’|)liun  to  tin1  above  axial  impart  .1  r ran  ge rnent s  is  the  technique 
ot  Clark  and  Dmve/.  (IK)  who  obtained  dynamic  loading  If  thin  walled  cylindrical 
specimens  by  impacting  a  highly  incompressible  internally  contained  fluid  col¬ 
umn.  The  cylindrical  specimens  were  thus  ruptured  by  the  internal  pressure 
pulse.  This  type  of  loading  and  thin  walled  specimen  was  designed  in  order  to 
minimi/,  e  wave  propagation  effects  in  the  specimen.  The  attempt  has  also 
bec.Mi  made  to  derive  information  on  material  properties  from  measurements 
of  the  propagation  of  plastic  deformation  in  long  rods  or  wires.  These  methods 
are  bast'd  on  the  plastic  wave  propagation  theory  of  von  Karman  (19)  and 
Taylor  (20)  where  the  velocity  of  propagation  c  of  a  strain  increment  is  given 
by  r-  ,  where  is  the  slope1  of  the  stress- strain  curve  at  the 

■J  par  dt 


given  strain  level  and  p  is  the  mass  density  of  the  material.  This  is  a  rate 
independent  theory  in  tlat  dojdt  is  taken  from  the  static  or  an  invariant 
stress- strain  curve.  Rate  dependent  properties  of  the  material  are  thus  de¬ 
rived  from  the  use  of  a  rate  independent  theory,  which  must  lead  to  some  in¬ 
herent  errors.  Examples  of  this  method  are  Campbell  (21)  and  Johnson, 
Wood  and  Clark  (22). 


The  problems  associated  with  the  loading  mechanism  are  not  in  ob¬ 
taining  sufficient  impact  velocity;  the  impacting  mass  may  be  accelerated 
by  means  of  free  fall  under  gravity,  rotating  flywheels,  spring  or  gas 
loaded  guns  or  explosive  charges.  Rather,  the  problem  lies  in  being  able 
to  fruitfully  integrate  the  loading  mechanism  with  the  specimen  configura¬ 
tion  and  the  available  methods  of  measuring  the  desired  quantities.  Care 
must  also  be  taken  to  take  into  proper  account  the  elasticity  and  inertia  of 
the  loading  mechanism. 


Measurement  and  Recording  Devices 

Measuring  and  recording  devices  arc  required  which  will  respond 
to  the  fastest  loading  rates  attainable.  Thus,  many  very  accurate  devices 
used  in  static  work  cannot  be  employed  because  of  their  inherent  inertia. 
The  measurement  of  force  is  obtained  most  directly  by  means  of  an  elas¬ 
tic  dynamometer  or  force  measuring  bar  connected  directly  in  series  with 
the  specimen  as  indicated  by  the  elastic  elements  in  Figure  1.  Indirect 
measurements  of  force  may  be  obtained  from  energy  (2)  or  acceleration 
measurements  (3). 


The  design  of  a  proper  force  measuring  bar  requires  considerable 
care.  In  many  cases  short,  bars  have  been  used.  The  maximum  rate  of 
loading  that  can  be  measured  by  the  bar  is  limited  by  its  resonant  frequency. 
For  example,  if  a  force  bar  of  10  inches  in  length  is  made  of  steel,  it  will 
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have  a  resonant  frequency  of  approximately  10,  000  cps  or  a  period  of  100  yM. 
sec.  The  total  duration  of  a  test  employing  this  force  bar  must  then  be 
,  much  greater  than  100  fx  sec.  in  order  to  prevent  severe  oscillations 

from  occurring  in  the  force  records. 

If  the  response  for  shorter  time  periods  is  required,  as  is  the 

*  ease  at  the  higher  strain  rates,  the  lergth  of  the  force  measuring  bar 
must  be  extended  until  the  period  of  longitudinal  oscillation  becomes 
greater  than  the  total  time  of  the  event  to  be  recorded.  This  type  of 
long  force  measuring  bar  is  generally  referred  to  as  a  Hopkinson  pres¬ 
sure  bar  after  B.  Hopkinson  (Zi)  who  first  used  it  in  impact  studies.  The 
length  of  the  bar  permits  the  force  history  at  the  loaded  end  to  be  com¬ 
pletely  recorded  at  a  gauge  station  before  a  refine  tion  returns  from  the 
far  end  of  the  bar.  Pressure  bars  as  long  as  SK  feet  have  been  used.  The 

*  theory  of  the  Hopkinson  pressure  bar  has  been  described  in  great  detail 
by  Davies  (2-1).  This  device  can  be  used  with  good  accuracy  to  measure 
transients  with  effective  wave  lengths  large  in  comparison  with  the  bar 
radius.  For  shorter  wave  lengths,  the  pulse  will  suffer  significant  dis- 
pe r sion. 

The  force  in  the  elastic  dynamometer  or  pressure  bar  is  usually 
measured  by  means  of  electrical  resistance  strain  gages  bonded  directly 
to  the  bar;  however,  use.  has  also  been  made  of  measuring  the  displace¬ 
ment  of  the  free  end  of  the  bar,  both  by  photoelectric  (7)  and  capacitance 
gage  (13)  methods.  Strain  gages  may  be  used  in  a  bridge  circuit  so  that 
»  only  the  direct  stresses  are  recorded,  the.  bending  being  cancelled.  Many 

references  to  the  use  of  resistance  strain  gages  for  dynamic  measurements 
can  be  found  in  the  literature. 

Measurement  of  the  instantaneous  deformation  or  strain  in  the 
specimen  is  generally  more  difficult  than  stress..  As  in  static  testing, 
two  techniques  can  be  used;  measurement  of  strain  directly  on  the  speci¬ 
men  or  measurement  of  the  motion  or  displacement  of  the  loading  sur¬ 
faces.  Direct  measurements  on  the  specimen  impose  severe  difficulties  . 
Mechanical  type  extensometers  are.  of  course,  inapplicable  because  of 
their  inertia.  Resistance  strain  gages  may  be  beftided  directly  on  the  spec¬ 
imen  but  are  limited  in  range  to  relatively  low  values  of  strain.  They 
have  been  used,  however,  to  study  yield  behavior  (11).  The  frequency  res¬ 
ponse  of  resistance  strain  gages  properly  bonded  is  limited  only  by  their 
finite  gage  length.  Bell  (Zh)  has  developed  an  optical  method  for  measur- 

*  ing  plastic  strains  to  10%  using  very  fine  diffraction  gratings  ruled  onto 
the  specimen.  This  technique,  although  experimentally  very  difficult  to 
use,  has  several  advantages;  relatively  large  strains  may  be  measured 
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ami  gage  lengths  as  small  as  0.  001  null  may  Of  used.  eliminating  mtegra- 
tii'ii  e t le i  t s  at.  mss  tin-  gage.  Bi  ll  lias  used  this  technique  to  advantage  in 
studying  wave  p ropagat i on  in  long  rods.  Ripperger  and  Yeakley  (26)  have 
described  an  e  In  t  m- magne  t  u  - 1  ndiu  t  mn  method  for  measuring  particle 
velocities  w 1 1  i i  1 1  might  he  employed  to  advantage  m  dynamic  testing. 

More  otten.  the  average  strain  across  the  specimen  is  determined 
hy  measurement  of  the  displacement  of  tin-  loading  members.  If  the  load¬ 
ing  and  support  members  are  assumed  rigid,  the  displacement  of  these 
members  can  be  measured  by  means  of  streak  or  high  speed  photography 
(2)  or  photoelec  tru  devn  es  \7l.  At  the  highest  strain  rates,  the  dis¬ 
placement  of  the  faces  of  the  elastic  supporting  pressure  bars  in  contact 
with  the'  specimen  can  be  measured  either  by  integration  of  the  strain-time 
records  from  strain  gage  stations  on  the  bars  (15,  16  17)  or  directly  from 

particle  displacement  measurements  on  the  bars  <131.  This  latter  method 

will  In  described  m  more  detail  later. 

•> 

The  cathode  ray  oscilloscope  is  the  only  recording  instrument  with 
frequency  response  sufficient  for  transient  measurements  at  the  rates  con¬ 
sidered.  Mere  the  frequency  response  is  only  limited  by  the  associated 
circuitry  and  amplifiers. 

The  choice  of  suitable  stress  and  strain  measuring  devices  is 
guided  not  only  by  their  response  characteristics,  but  also  by  their  ability 
to  allow  simultaneous  transient  measurement  of  these  two  variables  with¬ 
in  as  short  a  gage  length  of  the  specimen  as  possible,  so  that  errors  due 
to  wave  propagation  in  the  specimen  are  minimized.  The  ideal  situation, 
of  course,  is  to  be  able  to  measure  stress  and  strain  independently  as  a 
function  of  time  at  the  same  point  within  the  material.  For  other  than  this 
condition  wave  propagation  within  the  specimen  must  be  taken  into  account, 
as  i  s  ch  sc  ussed  next . 

I.  ne  r  t  i  al  lsffccts  m  the  Spec  mien 

The  most  difficult  problems  to  overcome  are  those  associated  with 
the  inertia  of  the  specimen  itself.  The  loads  applied  at  one  point  or  over 
a  finite  surface  area  of  the  specimen  are  propagated  into  the  specimen  at 
a  finite  velocity.  'Ibis  finite  propagation  velocity  results  in  a  nonuniform 
distribution  of  the  stress,  strain  and  particle  velocity  over  the  specimen- 
at  any  instant  of  time.  For  uni  axial  compression  or  tension  specimens, 
two  problems  arise,  the  propagation  of  the  deformation  along  the  length  of 
the  specimen  and  the  influence  ol  the  lateral  inertia  forces  generated  by 
the  Poisson  expansion  or  contraction  on  the  measured  forces. 
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II  the  specimen,  <>r  rather  the  gage  length  over  whic  li  the  variables 
are  measured,  is  of  such  a  length  that  the  transit  time  for  the  disturbance 
to  traverse  this  gage  length  is  of  comparable  magnitude  as  the  total  dura¬ 
tion  of  the  test,  then  the  r<  suits  most  be  interpreted  m:  terms  of  large  am¬ 
plitude  wave  propagation  theory.  The  neglect  of  wave  propagation  effects 
can  lead  to  spurious  strain  rates  efh  cts  derived  from  average  measure¬ 
ments  made  over  the  gage  length  (Z','.  If  the  c  ondition  t  xists  whereby  the 
measured  results  must  be  ir.tc  iprucd  in  terms  of  a  wave  propagation  the¬ 
ory,  the  problem  arises  as  to  the  proper  theory  to  use.  Recourse  is  gen¬ 
erally  made  to  the  rate  independent  tin  oiv.  The  adequacy  of  this  theory  is 
open  to  some  question  m  that  it  neglects  ^ust  that  phenomenon  which  is  under 
investigation,  the  dependence  of  the  st  r<  ss-  strain  <  ..rvc  o'  strain  rate.  Thus, 
before  the  equat.ons  g*  vt  rung  wave  prnpagalu  i  .  a1'  hi  sc  Iwd  it  s  nec¬ 
essary  to  have  first  an  aim. rate  kt  <  wledgc  of  the  muter. al  beha  ior.  An 
alternative  approach  available  ,  s  to  obtain  measurements  or  the  propaga¬ 
tion  of  plastic  waves  and  tlu  n  attempt  to  determine  what  form  ol  material 
property  law  will  best  describe  the  results  obtained. 


If  the  specimen  is  of  such  a  length  that  a  large  number  of  internal 
reflections  occur  within  the  time  interval  when  measurements  are  made, 
the  distribution  of  the  variables  within  the  specimen  c  an  be  considered 
uniform.  Consider  deforming  the  specimen  to  a  maximum  strain  <£  at  the 
strain  rate  £,  .  The  time  duration  ol  this  deformation  is  (,jt,  during 
which  the  loading  wave  travels  m  the  material  a  distance  ct/i,  where  C-  is 
the  appropriate  propagation  velocity.  Thus,  the  number  of  reflections 
occurring  in  a  specimen  of  length  l  will  be 


or  upon  rearranging, 


N  = 


ce 

It 


c_ 
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If,  for  example,  the  specimen  is  aluminum  for  which  we  assume  the  plas¬ 
tic  deformation  propagates  at  approximately, 1/10  the  elastic,  wave  velocity 
then  c  =  Z0  x  10^  in/  sec.  If  we  further  prescribe  that  10  internal  reflec¬ 
tions  per  1%  of  strain  are  necessary  m  order  to  approximate  uniform  con¬ 
ditions,  JL  =  Thus,  for  this  case  il  the  specimen  is  1  inch  long  the  max¬ 
imum  strain  rate  satisfying  the  conditions  imposed  is  Z0  per  second.  It 
is  readily  seen  that  to  measure  small  strains  at  high  strain  rates,  extreme¬ 
ly  short  specimens  would  be  required  in  order  to  be  able  to  neglect  propa¬ 
gation  effects  in  the  specimen.  A  specimen  length  of  0.  Z0  inch  would  allow 
one  internal  reflection  per  1%  strain  at  a  strain  rate  of  1000  per  second 
which  may  he  sufficient  for  tho  accurate  measurement  of  large  strains  neg¬ 
lecting  propagation.  Compress.cn  specimens  as  short  as  0.0Z0  in.  in 
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length  have  In  i'ii  .s>  (I 


In  addition  to  the  axial  motion  ot  the  specimen,  radial  expansion  or 
lontraition  also  occurs  simultaneously  due  to  the  Poisson  ••fleet.  The  radi¬ 
al  motion  is  resisted  by  radial  inertia  forces  tending  to  constrain  the  speci¬ 
men  to  its  initial  lateral  dimensions.  These  lateral  inertial  restraining 
forces  tend  to  im  lease  the  measured  stress  (^necessary  to  produce  a  given 
strain  fc.  in  the  specimen  over  that  stress  O'  necessary  to  produce  the  same 
deformation  when  no  kinetic  energy  is  imparted  to  the  specimen.  For  a 
cylindrical  specimen  with  cross  sectional  area  A  and  length  t  ,  the  radial 
kinetic  energy  can  he  expressed  as 

K.E.  =  A£  f  (<rM-<r) cAe. 

Jo 

If  we  assume  the  specimen  expands  uniformly,  the  kinetic  energy  can 
also  be  expressed  in  terms  of  the  radial  particle  velocity  Vrof  a  point  on 
the  circumference  of  the  specimen  of  radius  r,  as 

K.E.  =  f  ™  Y  =  -^AlpVr 


whe  re 


p  is  the  density  of  the  specimen.  If 

Vr= 


J  is  Poisson' s  ratio 


and 


Equating  these  two  expressions  for  the  radial  kinetic  energy  and  differ¬ 
entiating  with  respect  to  €  ,  we  obtain 

i  A 


■<r  =  ~  Pv-r 


di1 


This  expression  gives  a  correction  to  be  applied  to  the  measured  stress 
to  account  for  the  radial  inertia.  If  the  variations  in  strain  rate  during  the 
test  are  small,  this  correction  may  be  negligible.  It  is  assumed  that  the 
specimen  is  short  and  the  radial  deformation  is. uniform,  and  also  that  the 
static  value  of  Poisson's  ratio  is  valid  under  dynamic  conditions. 


As  is  seen  from  the  above  discussion,  severe  difficulties  arise 
m  trying  to  separate  that  part  of  the  measured  dynamic  load  due  to  basic 
mechanical  properties  of  the  specimen  material  and  that  which  is  produced 
solely  by  the  inertial  forces  required  to  accelerate  particle  motion  in  the 
specimen.  Inertial  effects  can  not  be  eliminated  in  any  measurements  over 
a  finite  gage  length,  although  they  can  be  minimized  by  testing  at  a  nearly 
constant  strain  rate,  a  difficult  variable  to  control  at  very  high  testing  rates. 
Some  advantage  can  also  be  obtained  by  testing  in  pure  torsion  where 
radial  motion  is  not  present. 
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Si.'.  Ki  !«■  i  Is  .ii.d  Spin  mil  n  Cum  ii  nr  try 

I  lie  live  r.ill  s./f  .mil  shape  o!'  the  specimen  is  determined  by  the 
n.iiniH'i'  nl  1<  adi-'g.  cither  in  tension.  (  omprc ssion  or  torsion.  In  ten- 
sio-.  impact  t(  sts  'lie  spci  linen  is  generally  similar  to  those  used  in  the 
statu  test  v,tli  a  ’edeied  sc.  lam  m  the  middle  and  provi sions  for  grip¬ 
ping  the  .specimen  at  each  end.  Because  of  difficulties  in  gripping  the 
specimen  and  applying  the  load,  tension  specimens  are  of  necessity  of 
applet  i  ah  I  e  length  and  propagation  nonuni  fortuities  across  the  length  of 
i he  spec  line,  n  i  ,1 1  not  he  avoided  at  very  high  loading  rates.  The  com¬ 
pression  spci  men  has  some  advantage  in  that  it  can  be  made  of  uniform 
i  t  oss  sei  In  n  and  quite  slmit  in  length.  For  very  short  compression 
spe i  miens,  however,  the  influence  of  frictional  restraining  forces  at 
the1  loading  surfaces  may  become  significant.  These  can  be  alleviated  to 
some  e  xtent  b\  proper  lubruation. 

’.n  addit.o.n  tc.  considerations  of  specimen  length,  the  lateral  di¬ 
mensions  also  ha\c  an  influence,  since  errors  caused  by  radial  inertia 
forces  increase-  w,th  increasing  radius.  Thus,  radial  dimensions  should 
also  he  kept  small.  For  any  precision  testing  technique,  the  influence 
o  1  specimen  size  on  the  results  obtained  should  be  considered. 

Axiahfy  of  the  Loading 

The  loading  device  should  be  designed  so  as  to  insure  the  uni¬ 
formity  and  axiality  of  the  loading.  This  is  particularly  important  in 
the  impact  loading  of  short  specimens  where  the  strain  does  not  have 
time  to  distribute  itself  uniformly  over  a  cross  section  during  the  in¬ 
terval  of  measurement.  This  is  illustrated  in  the  strain-time  records 
obtained  by  Bell  ,28,1  from  axial  impacts  on  long  aluminum  rods  shown 
in  Figure  2.  If  the  strain  development  from  the  impact  face  is  consid¬ 
ered  to  emanate  from  an  infinite  number  of  point  sources  distributed 
over  the  surface  a  gage  station  at  a  fixed  point  on  the  lateral  surface 
of  the  bar  will  feel  first  the  shock  arriving  from  the  nearest  point  on 
the  impact  face.  The  shock  from  some  further  point,  say  on  the  op¬ 
posite  diameter  cf  the  bar,  will  arrive  at  some  later  time  depending 
or.  the  bar  dimensions  and  the  shock  velocity  D,  In  Figure  2,  tp  is  the 
time  cl  arrival  at  the  gage  station  of  the  wavelet  from  the  nearest  point 
on  the  face  and  t^  the  arrival  time  from  the  far  side  of  the  impact  face. 

(a)  and  tb.i  are  measurements  at  1/4  bar  diameter  from  the  impact  face 
and  icj  is  at  1/2  diameter.  Record  (a)  and  (c)  appear  to  represent  uni¬ 
form  impact  over  the  entire  face  while  in  (b)  first  contact  appears  to 
have  been  made  at  the  far  side  of  the  impact  face  since  the  first  recorded 
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sigtwtl  occurs  at  time  t^.  Alter  some  length  ol  travel  the  wave  front  will 
tend  to  smooth  out  because  ol  internal  reflections  from  the  side  walls. 

For  direct  impact  ol  the  specimen  with  a  moving  mass,  precise 
alignment  is  difficult  to  c  out  ml,  thus,  there  is  some  advantage  in  the 
split  pressure  bar  system  shown  in  Figure-  I  Id).  With  this  system  the 
surfaces  may  he  lapped  and  prealigned. 

The  discussion  heretoloi  has  been  concerned  exclusively  with 
assumed  uniaxial  tests.  To  the  writer's  knowledge,  there  has  only  been 
one  investigation  of  biaxial  dynamic  stress- strain  characteristics,  that 
of  Gerard  and  Pupruio  IZ‘D  .sing  the  rupture  of  thin  circular  diaphragms. 
Dynamic  combined  stress  st  d.t  s  c  ••  aid  prove  .useful  in  defining  a  dynam¬ 
ic  yield  surface  a'd  als-  a  dv  mrc  fJ<uss(  n  s  ratio. 

Thermal  Effects  in  the  Spc ■  mien 

In  the  transition  from  static  to  dynamic  testing,  the  test  conditions 
go  from  isothermal  to  adiabatic.  At  high  rates  of  straining,  the  heat  pro¬ 
duced  by  the  process  of  inelastic  deformation  does  not  have  time  to  be  dis¬ 
sipated,  causing  a  local  increase  m  temperature,  Nadai  and  Manjoine  (8) 
have  measured  with  thermocouples  the  increase  in  temperature  of  pure 
iron  tensile  impact  specimens  for  which  the  test  duration  was  less  than  Z 
milliseconds.  The  temperature  rise  recorded  at  three  stations  along  the 
specimen  is  shown  in  Figure-  L  At  the  fracture  cross  section  a  tempera¬ 
ture  rise  of  almost  50°C  was  measured.  Instantaneous  temperature  rises 
much  greater  than  this  undoubtedly  occurred  on  localized  slip  and  rupture 
surfaces.  Since  for  most  materials,  temperature  has  the  inverse  effect 
from  strain  rate,  such  me  reuses  in  temperature  might  be  expected  to 
soften  the  material  and  thus  to  flatter,  out  the  stre s s- strain  curve  at  high 
strain  rates  and  large  strains.  Although  thermal  conditions  within  the 
specimen  cannot  be  controlled  during  the  test,  their  influence  on  the  ma¬ 
terial  response  should  be  considered. 

TWO  TYPICAL  TEST  TECHN-QUES 


The  high  strain  rate-  testing  apparatus  must  take  into  account  each 
of  the  items  discussed  in  the  previous  section.  There  is,  of  course,  a 
strong  interdependence-  between  the-  loading  mechanism,  the  measurement 
techniques  and  the  specimen  design,  each  of  which  must  be  considered  in 
terms  of  the  integrated  system.  Two  typical  impact  testing  apparatus  and 
some  of  the  results  obtained  with  them  will  nowbe  reviewed  in  order  to 
illustrate  the  above-  discussion. 


l  a  pure  iron  tensile  impact  specimen  (from  Ref.  8) 


Tension  Tests  of  Manjoine  ami  Nadai 

The  apparatus  ol  Manjoine  and  Nadai  (7)  is  typical  of  tensile  im¬ 
pact  testing  devices  and  was  one  ol  the  first  to  gi  ve  complete  stress- strain 
data.  The  high  speed  machine  is  shown  in  Figure  4.  The  tension  test  speci¬ 
men  c  is  suspended  between  two  vcrtii  al  columns  by  a  force  measuring 
bar  a  attached  to  the  rigid  eri.sshead.  To  tlu-  lowe  r  end  of  the-  specimen 
is  attached  an  anvil  cl  .  The*  load  s  applie  d  to  the  specimen  by  impact  of 
twei  hammers  f  which  c  e-ntac  t  the  anvil.  The  hammers  are  attached  to  the 
flywheel  g  and  arc-  re-leased  by  a  solenoid  operate-d  pin.  The  load  applied 
to  the  spe-cime-n  is  measure  d  by  the  e  lastic  e  xtension  of  the  force  measur¬ 
ing  bar.  This  extension  i  «  measure  d  hv  the  i  Kvgc  in  width  of  the  narrow 
optical  slit  1  whu  h  re-ge.latc  s  the  a*iie  ..i  *  o!  !  gl  I  lall  ng  or  the  photo  cell 
0  .  Strain  is  measure  d  h\  tl  e-  -m.  '.or  ol  i!  e  base-  of  'he-  anvil  which  is  al- 
se>  rc*corde*d  photoelec  t  ru  al  ly  as  show;  .  The-  output  from  each  photo  cell 
was  fed  directly  to  separate  chant  els  of  an  X- V  osc  illoscope  to  give  the 
stress-strain  curve  directly. 

The  test  specimens  were-  standard  tensile  test  specimens  with  the 
diameter  of  the  reduced  section  being  0.  I  in.  and  the  gage  length  of  the 
reduced  section  1  in.  with  1/16  in.  radius  fillets.  All  the  deformation  re¬ 
corded  by  the  anvil  movement  is  assumed  to  occur  in  this  1  in.  gage  length. 

The  natural  frequency  of  the  force-measuring  bar  was  estimated 
to  be  around  16,000  cps  and  that  of  the  force-measuring  bar,  test  speci¬ 
men  and  anvil  together  on  the  order  of  10.  000  cps.  The  duration  of  the 
fastest  tests  was  600  to  600  mic  roscconds,  thus  5  or  6  oscillations  of  the 
system  occurred  during  these  tests.  The  amplitude  of  these  oscillations 
increased  with  increasing  strain  rate-  as  shown  in  the  actual  test  records 
given  in  Figure  6. 

Some  representative  results  of  Nadai  and  Manjoine  on  the  effect 
of  strain  rate  on  true  stress  at  varying  strains  for  mild  steel  are  given  in 
Figure  6.  The  shaded  area  represents  the  nearly  constant  stress  main¬ 
tained  during  elongation  at  the  y i c  Id  poirt.  The  yield  point,  elongation  in¬ 
creased  with  increase  in  rate  of  strain.  These  curves  indicate  an  in¬ 
creasing  influence  of  strain  rate  at  the  higher  rates  especially  upon  the 
yie Id  point. 

Pressure  Bar  Technique  of  K ol  sky 

Typical,  and  perhaps  most  used  of  the  pressure  bar  techniques 
of  compression  testing,  is  that  of  Kolsky  (13, b  In  this  method,  the  speci¬ 
men  is  compressed  between  two  laces  of  a  split  Hopkinson  pressure  bar 


45  000 


29 


ure  5.  StTess- strain  records  for  tensile  impact  of  pure 


30 


STRAIN  PER  SECONO 


f 


t 


« 


» 


* 


» 


by  an  elastic  pressure  pulse  propagated  lti  the  bars.  I'he  original  Kolsky 
apparatus  is  shown  in  Figure  7.  The  pulse  is  initiated  by  detonators  fired 
against  a  hardened  steel  anvil  which  transmits  the  pulse  to  the  first  or  in¬ 
cident  steel  pressure  bar.  When  the  incident  pulse  reaches  the  specimen, 
part  of  the  pulse  is  reflected  because  of  the  mechanical  impedence  mis¬ 
match  and  part  is  transmitted  through  the  specimen  to  the  second  or  trans¬ 
mitter  bar.  The  particle  displacement  produced  by  the  pressure  pulse  is 
recorded  both  before  and  alter  it  passes  through  the  specimen  by  the  cylin¬ 
drical  and  parallel  plate  condenser  microphones,  respectively.  In  later 
work,  both  Lindholm  (17)  and  Hauser,  et  al .  (16)  used  resistance  strain 
gages  in  place  of  the  condenser  microphones  to  record  the  pressure  pulses. 
These  investigators  also  initiated  the  pulse  with  a  mechanical  impact  rather 
than  the  explosive  charge.  The  gage  stations  are  so  placed  and  the  pres¬ 
sure  bars  are  of  such  a  length  that  the  loading  of  the  specimen  by  the  initial 
pulse  is  recorded  before  reflections  return  to  disturb  the  strain  or  dis¬ 
placement  readings.  'The  two  strain- time  or  di splacement-time  records 
are  recorded  simultaneously  on  the  cathode  ray  oscilloscope. 

Both  the  instantaneous  stress  and  the  strain  in  the  specimen  are 
derived  from  the  displacement  or  strain  readings  on  the  pressure  bars. 
Figure  8  shows  schematically  the  loading  of  the  specimen  by  the  incident, 
reflected  and  transmitted  pulses  all  of  which  can  be  recorded  at  the  two 
gage  stations.  The  displacement  u,  of  the  face  of  the  incident  pressure 
bar  in  contact  with  the  specimen  is  obtained  from  strain  records  by 

U. i  —  f  (bT'r£R)oit' 

Jo 

and  the  displacement  uzof  the  face  of  jhe  transmitter  bar  by 

U.z=i  Ca  j  £ T  .  dt 
-'o 

where  Cc  is  the  elastic  bar  wave  velocity,  and  £,  £R,  and  £Tare  abso¬ 
lute  magnitudes  of  the  measured  strains.  The  strain  in  the  specimen  £,  is 
then  given  by  .t 

ta  J0 

The  instantaneous  stress  in  the  specimen  is  obtained  directly  from  the 
force  in  the  elastic  bars.  If  displacements  are  recorded,  as  with  the  con¬ 
denser  microphone,  strain  in  the  specimen  is  obtained  directly  whereas 
a  differentiation  is  required  to  obtain  stress,  which  is  somewhat  less  ac¬ 
curate  than  the  integration  procedure  above.  Figure  9  shows  a  typical 
oscilloscope  record  of  the  three  recorded  strain  pulses.  Both  the  incident 
and  reflected  pulses  are  recorded  at  the  same  gage  station  on  the  incident 
bar,  the  reflected  pulse  being  tensile.  The  specimen  in  this  record  was 
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Figure  7.  Pressure  bar  apparatus  of  Kolsky  (from  Ref.  13) 


Figure  8.  Schematic  of  Koleky  (from  Ref.  13) 


aluminum,  I  / -1  null  long  and  l/Z  inch  in  diameter.  The  total  duration  of  the 
leading  is  seen  to  he-  about  IZh  imrrosri: onds.  Slight  oscillations  are  seen 
at  the  initiation  of  the  transmitted  and  reflected  pulses,  corresponding  to 
reflections  within  the  specimen.  Stress-strain  curves  derived  from  similar 
records  for  lead  are  shown  in  Figure  10.  The  curves  at  the  three  lower 
strain  rates  in  this  figure  were  obtained  on  a  conventional  testing  machine. 

Stress  vs.  strain  rate  curves  at  constant  strain  arc-  shown  in  Figure 
11  for  aluminum  from  Hauser  et  al.  (16)  and  for  copper  in  Figure  1 1  from 
Lindholm  (17)  both  using  the-  Kolsky  technique.  In  Figure  11  the  average 
strain  rate-  was  varied  by  changing  the  length  of  the:  specimen;  the  results 
in  Figure  1Z  were-  obtained  on  specimens  of  the*  same  length  but  the  lower 
strain  rates  were  obtained  on  a  standard  static  testing  machine.  Both  show 
a  logarithmic  dependence-  of  stress  upon  strain  rate  to  approximately  1000 
per  second.  At  higher  strain  rates  the  data  of  Figure  1Z  indicates  the  pos¬ 
sible  existence  of  a  limiting  strain  rate  which  the  material  can  sustain,  in 
the  neighborhood  of  which  the-  stresses  increase  sharply.  Figures  11  and 
1Z  also  indicate  an  increase  in  strain  hardening  with  increase  in  strain  rate 
as  evidenced  by  the  increasing  slope  of  the  constant  strain  curves  with  in¬ 
creasing  strain. 

The  two  methods  just  described  are  typical  of  both  tensile  and 
compressive  impact  tests  and  serve  to  illustrate  solutions  to  the  problems 
discussed.  Each  method  has  its  limitations  and  range  of  applicability 
and  data  obtained  can  only  be  compared  accordingly.  Despite  the  continued 
improvement  in  dynamic  testing  techniques,  there  is  still  a  need  for  fur¬ 
ther  intensive  experimental  work  aimed  at  defining  basic  material  behavior. 


natural  STRAIN 


ompression  (from  Ref.  17) 
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DISCUSSION 


V.  H.  Pagano,  U.  S.  Army  Tank-Automotive  Center: 


What  is  the  influence  of  the  higher  strain  rate  on  the  coefficient  of  the 
strain  hardening  exponent? 

Dr.  Lindholm:.  For  a  higher  strain  rate  the  slope  would  he  increasing. 

V.  H.  Pagano:  You  would  be  getting  a  larger  strain  exponent  with  the  higher 
rate.  This  is  of  interest  because  of  the  significance  implied,  from  a  ballis¬ 
tic  point  of  view,  to  the  influence  of  strain  hardening  exponent  on  the  ballistic 
resistance  of  a  material;  and  some  question  has  been  brought  up  recently 
with  regard  to  reduction  in  carbon  content,  actually  bringing  it  further  away 
from  this  resistance  effect,  because  the  strain  hardening  exponent  decreases 
with  decreasing  carbon  content.  If  this  is  the  situation,  actually  these  es¬ 
timates  are  being  made  from  static  and  not  from  dynamic  results, 

Mr.  Crenshaw:  Are  there  any  more  questions? 

Question:  Did  you  say  anything  about  the  temperature  conditions? 
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Dr.  Lindholm: 


Must  of  those  which  were  shown  on  the  slides  here  were 
at  room  temperature,  but  generally  at  elevated  temperatures  the  rate  ef¬ 
fects  will  be  more  predominant. 

Question:  I  meant  with  respect  to  isothermal  versus  adiabatic  conditions. 
Dr.  Lindholm:  Of  course  in  all  these  tests  the  temperature  is  not  moni¬ 
tored  continuously  during  the  test.  Now  we  know  that  as  the  rate  increased, 
and  it  is  a  higher  rate  shown  here,  essentially  it  has  gone  to  an  adiabatic 
condition.  Test  duration  is  of  the  order  of  maybe  a  hundred  mic ro- seconds . 
I  don't  know  if  this  answers  your  question. 

Dr.  Kumar:  I  would  like  to  ask  about  the  comparative  view  of  the  two 
techniques  of  testing  the  materials  dynamically  for  strain  rate  character¬ 
istics  especially;  one  is  what  you  call  the  bar  technique;  the  other  is  the 
short  specimen.  In  your  view,  what  would  you  say  are  the  outstanding  ad¬ 
vantages  of  the  short  specimen  and  possible  any  outstanding  advantages  of 
the  bar  impact  technique? 

Dr.  Lindholm:  It  is  the  higher  strain  we  are  talking  about  here.  At  the 
higher  strain  rate  you're  faced  with  the  problem  of  the  propagation  within 
the  specimen.  You  can  minimize  it  by  making  the  specimen  as  short  as 
possible  so  you  have  many  reflections  during  the  time  of  interest.  Of 
course  this  leads  to  another  problem,  which  I  didn't  mention  really,  as 
how  do  you  take  into  account  the  surface  conditions?  The  bar  technique  has 
the  advantage  that  you  can  use  the  bars  as  elastic  members,  may  monitor 
the  particle  displacement  on  the  faces  of  these  bars  and  have  at  the  same 
time  the  stress  measurements.  We  are  able  to  obtain  from  the  integrated 
strain-time  records  agreement  within  3  to  5%  with  the  final  deformation 
measurements  in  the  specimen;  so  this  gives  us  some  indication  of  the  ac¬ 
curacy.  The  tensile  type,  test  has  the  advantage  that  you  can  test  the  fail¬ 
ure,  but  again  if  you  work  with  tensile  specimen  you're  faced  with  the  prob¬ 
lem  of  how  do  you  grip  the  specimen  and  also  how  to  minimize  the  length 
to  eliminate  rate  propagation  effect.  Another  approach  to  the  problem, 
which  we  didn't  mention,  is  to  measure  plastic  wave  propagation  and  then 
work  backwards  and  try  to  determine  what  type  of  material  parameters  one 
can  put  into  governing  equations  that  will  give  the  results  one  may  obtain 
experimentally. 
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THE  EFFECT  OF  STATIC  AND  DYNAMIC  LOADING 
AND  TEMPERATURE  ON  THE  YIELD  STRESS  OF  IRON 
AND  MILD  STEEL  IN  TENSION  AND  COMPRESSION 


W  i  1 1  iam  Gri  ffe I  * 

ABSTRACT 

The  elastic  and  plastic  design  of  mild  steel  structures  is  based 
on  the  value  of  the  lower  yield  stress,  which  is  a  measure  of  the  resistance 
of  the  material  to  the  propagation  of  yield  into  an  unyielded  material.  On 
the  other  hand  the  upper  yield  stress  has  only  a  very  limited  application 
since  its  value  is  influenced  by  axiality  of  loading  and  surface  finish,  factors 
difficult  to  control  in  actual  structure. 

As  it  is  assumed  that  the  value  of  the  dynamic  lower  yield  stress 
is  determined  by  the  dynamic  properties  of  unyielded  material,  rather  than 
those  of  plastically  deformed  material,  how  can  we  describe  the  relationship 
of  this  dynamic  lower  yield  stress  versus  temperature  utilizing  criteria  ap¬ 
plicable  to  the  dynamic  upper  yield  stress? 

INTRODUCTION 

A  constant  problem  for  an  engineer,  while  evaluating  the  strength 
of  a  structure  is  to  compare  the  resulting  stresses  with  the  dynamic  yield 
stress  of  the  material  for  a  given  temperature.  Many  investigations  were 
made  in  this  field.  Most  of  them  were,  on  the  effect  of  dynamic  loading  on 
metals  in  tension  but  the  mechanism  of  deformation  has  yet  to  be  deter¬ 
mined.  There  is  a  general  agreement  that  the  yield  of  mild  steel  in  ten¬ 
sion  may  be  raised  to  a  value  over  50%  above  that  obtained  in  static  test, 
while  in  most  other  metals  the  effect  is  slight. 

Tensile  tests  of  short  duration  at  different  temperature  show 
that  the  yield  stress  increases  with  fall  in  temperature  and  that  the  time 
at  a  given  stress  required  to  initiate  yield  increases. 

The  purpose  of  this  paper  is  to  summarize  some  of  the  latest 
testing  results  of  dynamic  stress  and  deformation  in  a  mild  steel  in  tension 
at  normal  and  low  temperature  and  the  effect  of  static  and  dynamic  loading 

*Mr,  William  Griffel,  Ammunition  Group,  Picatinny  Arsenal  *  Dover,  N.J. 


43 


and  tempe  future  mi  the  yield  stress  id  i  run  ami  mild  steel  in  compression. 

DYNAMIC  STRESS  AN!)  DEFORMA  TION  IN  A  MILD  STEEL  IN  TENSION 
AT  NORMAL.  AND  LOW  TEMPERATURE 


Both  tlu*  classical  olasiii  and  tin  modern  plastic  design  of  mild 
steel  structures  are  based  upon  the  value  of  the  lower  yield  stress.  The 
upper  yield  stress  has  only  a  very  limited  application  since  its  value  it 
considerably  influenced  by  axiality  of  loading  and  surface  finish,  factors 
difficult  to  control  in  an  actual  structure. 


Both  these  yield  stresses,  and  particularly  the  upper  yield  stress, 
react  markedly  to  the  application  of  dynamic  rates  of  strain,  but,  as  in 
the  case  of  design  for  dead  loads,  a  design  to  resist  dynamic  loads  is  based 
entirely  upon  the  dynamic  lower  yield  stress. 


D.B.C.  Taylor  of  University  of  Cambridge,  Cambridge,  England, 
and  L.  E.  Malvern  of  Michigan  State  University,  East  Lansing,  Michigan, 
made  a  study  of  this  dynamic  lower  yield  stress,  together  with  the  associ¬ 
ated  plastic  deformation,  in  a  commercial  quality  mild  steel  under  tension, 
particular  attention  being  paid  to  the  effect  of  temperature  upon  these  two 
quantities.  They  argue  that  since  the  dynamic  lower  yield  stress  is  that  re¬ 
quired  for  the  continuous  initiation  of  yield  in  unyielded  material,  its  value 
is  determined  by  the  dynamic  properties  of  unyielded  material,  rather  than 
those  of  plastically  deformed  material.  'Assuming  the  correctness  of  this 
reasoning  how  is  it  possible  to  describe  the  dynamic  lower  yield  stress  ver¬ 
sus  temperature  relationship  by  making  use  of  criterion  applicable  to  the 
dynamic  upper  yield  stress? 


In  their  research  work,  along  the  lines  specified  above,  commercial 
mild  steel  was  used.  For' more  homogeneous  behavior,  the  specimens 
were  normalized  in  vacuum  before  testing.  They  were  machined  from  3/4 
in.  diameter  bar,  and  the  specification  of  the  steel  is  given  below: 

COMPOSITION,  PERCENT 

C  Si  Mn  Ph  S  Ni  Cu 

0.19  0.07  0.  54  0.013  0.052  0.08  0.20 


TENSILE  PROPERTIES 
U ppe r  Y ield  Stress 
Lower  Yield  Stress 
Ultimate  Tensile  Stress 
Elongation  on  2  i n. 

Reduction  in  Area 


53.  8  kpsi 
41.9  kpsi 
66.  5  kpsi 
30  percent 
65  percent 
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CONCLUSIONS 


Tin-  main  emu  1  unions  from  tin*  above  investigation  may  be  briefly 
summarized  as  follows: 


t 


* 


r 


1.  The  effec  t  of  dynamic  rates  of  strain  up  to  S/sec:  combined 
with  temperatures  down  to  -70°C,  upon  a  normalized  mild 
steel  of  0.  19  percent  carbon  content  is  to  increase  the  lower 
yield  stress  by  amounts  ranging  up  to  120  percent  of  the  static 
room  temperature  value-,  that  is  42  to  90  kpsi. 

2.  The-  increased  value  of  lower  yield  stress  which  is  a  measure 
of  the  resistance  of  the  material  to  the  propagation  of  yield 
into  an  unyielded  material,  leads  to  a  greater  location  and 
greater  amplitude  of  nonuniform  plastic  strain.  Local  plas¬ 
tic  strains  of  up  to  14  percent  were  recorded  at  -70°C  as  com¬ 
pared  with  the  room  temperature  static  value  of  2  percent. 

k 

L  It  is  possible  to  describe  the  dynamic  lower  yield  stress 

versus  temperature  'I'  relationship  by  an  equation  of  the  form: 

6  -  Kj  -  Kz  T1/3 

Where  Kj  and  are  constants  obtained  by  the  investigators  from 

a  theoretical  formulation  for  the  activation  energy. 

THE  EFFECT  OF  STATIC  AND  DYNAMIC  LOADING  AND  TEMPERATURE 
ON  THE  YIELD  STRESS  OF  IRON  AND  MILD  STEEL  IT^  COMPRESSION 


Cylindrical  test  samples  were  compressed  statically  and  dynamic¬ 
ally  at  temperatures  ranging  from  ■+■  100  to  -195°C  and  yield  stress  observed. 
Two  materials  were  used  for  this  experiment;  one  a  high  purity  iron,  and 


the  other,  a  normal  mild  steel  plate. 
PURE  IRON  (%)  C<0.01, 

MILD  STEEL  {%)  C  Mn 
0, 190  0.  SI 


The  analyses  are  given  below: 

0<  0.012,  N  <0.  0002,  H  <0.  0001 

S  P  Ni  Cr  Mo  V 

0.026  0.007  0.074  0.037  0.016  0. 


The  steel  was  untreated.  Cylindrical  rods  of  the  iron  were  heated  at  960°C 
for  IS  min.  in  vacuum  and  air  cooled. 

All  the  information  obtained  from  these  tests,  performed  by  the  Naval 
Research  Laboratory,  Washington,  D.  C.,  has  been  plotted  in  graphical  form 
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in  Figures  I  and  L.  Fur  the  reasons  that  are  beyond  the  Scope  of  this 
paper,  then-  is  some  mu  e rtainty  with  regard  to  the  interpretation  of 
the  dynamic  tests  in  that  the  stresses  value  in  relation  to  strain  may 
not  be  exac  tly  c  omparablc  to  that  of  the  static  test.  The  shape  of  the 
curves  need  not  necessarily  be  affected  and  there  is  other  evidence 
that  the  stress  values  are  quantitatively  approximately  correct. 

First,  the  dynamic  yield  stresses  are  all  higher  than  the  static, 
by  an  amount  that  varies  with  the  temperature.  At  room  temperature 
the  ratio  of  dynamic  versus  static  is  about  L.  5  for  both  the  iron  and 
steel.  As  the  static  and  dynamic  yield  stress  curves  approach  each  other 
at  lower  temperatures,  this  ratio  decreases.  Similarly  at  higher  tem¬ 
peratures.  it  would  appear  that  the  curves  may  eventually  converge,  prob¬ 
ably  at  temperatures  when  the  flat  yield  point  in  steel  disappears.  The 
temperature  range  of  the  tests  is  not  wide  enough  in  either  material  to 
prove  that  the  two  curves  do,  in  fact,  converge  at  both  high  and  low  tem¬ 
peratures,  but  the  connection  between  the  raising  of  the  yield  stress,  a 
delay  time  in  yielding  and  a  flat  yield  were  well  established. 


DISCUSSION 

Mr.  X aroodny,  BRL,  APG:  What  about  the  ultimate  stress? 

Mr.  Griffel:  Well,  the  ratio  of  dynamic  to  static  stress  or  ultimate 
strength  is  much  lower  than  that  of  the  yield  stresses.  To  be  specific,  if 
my  memory  serves  me  right,  for  aluminum  the  ratio  of  dynamic  to  static 
ultimate  stress  is  only  1.1. 

Dr.  Kumar:  Aluminum  is  probably  not  an  excellent  choice  to  use  as  an 
example  of  the  effect  of  strain  rate  on  the  ultimate  stress  because  other 
materials,  like  copper,  do  show  considerably  more  percentage  of  sensi¬ 
tivity  than  aluminum  does. 

Mr.  Griffel:  I  agree  but  still  less  than  for  yield  stress.  The  point  I 
wanted  to  emphasize  was  that  the  ratio  is  larger  for  the  yield  than  for  the 
ultimate. 
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INSTRUMENTATION  FOR  EVALUATION  OF  ARTILLERY 
AND  ROCKET  LAUNCHER  PERFORMANCE  AT 
ROCK  ISLAND  ARSENAL 

J.  C.  Hanson* 


ABSTRACT 

All  instrumentation  measurements  at  Rock  Island  Arsenal  under 
dynamic  conditions  have  been  utilized  to  obtain  operating  data  on  perform¬ 
ance  of  research  and  development  prototype  weapons  and  assemblies  dur¬ 
ing  proof  firing  or  functioning  tests  rather  than  on  a  specific  material  sub¬ 
ject  to  a  particular  condition  of  loading. 

The  basic  sensing  device  used  for  obtaining  analogs  of  dynamic 
physical  phenomena  is  the  electromechanical  transducer.  Output  signals 
from  the  transducers  are  usually  recorded  by  means  of  optical  galvano¬ 
meter  type  oscillographs. 

Commercial  transducers  are  used  for  measuring  fluid  pressure, 
acceleration,  displacement  of  moving  parts  and  loads.  Special  transducers 
have  been  designed  for  measuring  artillery  recoil  displacement,  recoil 
rod  and  trunnion  loads.  Conve  ntional  strain  gages  are  utilized  to  measure 
loads  and  surface  strains  on  various  components,  movement  of  parts  and 
projectile  ejection  from  the  barrel.  (Transducers  and  methods  used  for 
mounting  them  are  illustrated  and  explained.  ) 

Recording  equipment  with  a  frequency  response  of  zero  to  600  cps 
has  been  found  to  be  adequate  for  the  majority  of  measurements.  Multi¬ 
channel  recorders  equipped  with  time  line  apparatus  are  desirable.  Chart 
speeds  and  types  of  recording  paper  used  are  selected  on  the  basis  of  the 
test.  Electrical  noise  in  various  instrument  components  such  as  cables 
and  amplifiers  present  some  problems  which  are  explained. 

Calibration  of  the  transducers  is  performed  with  the  complete 
system  prior  to  each  days  firing.  Methods  are  usually  straight  forward 
using  static,  known  quantities. 


*  Mr.  J.  C.  Hanson,  Project  Engineer,  Mechanical  and  Electronics  Unit, 
Rock  Island  Arsenal,  Rock  Island,  Illinois. 


Inst r uinentation  problems  Lire  often  encountered  when  measurements 
are  required  in  areas  of  very  limited  access  and  when  shock  and  vibration 
levels  are  excessive.  (Speiilic  problems  are  illustrated  and  explained.) 
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The  design  selection,  assembly  and  operation  of  instrumentation 
for  dynamic  data  acquisition  on  Artillery  and  Rocket  Launcher  weapons  is 
an  important  research  and  development  function  at  Rock  Island  Arsenal. 

This  paper  is  primarily  concerned  with  the  application  of  instrumentation 
to  the  evaluation  of  weapon  performance  rather  than  a  determination  of 
the  ability  of  the  materials  used  in  these  weapons  to  perform  satisfactorily 
under  certain  loading  conditions. 

An  instrumented  performance  test  of  a  weapon  under  firing  con¬ 
ditions  is  accomplished  in  seven  steps  as  follows: 

1.  Design  instrument  system 

2.  Select  instruments 

3.  Assemble  instruments 

4.  Acquire  data 

5.  Reduce  data 

6.  Int.e rpret  data 

7.  Evaluate  results 

The  average  test  setup  requires  from  8  to  12  channels  of  instrumen¬ 
tation.  Some  have  required  up  to  21  separate  channels  of  instrumentation 
in  order  to  obtain  the  desired  information. 

The  progression  from  idea  to  functioning  hardware  requires  three 
basic  steps,  they  are;  design,  fabrication,  and  testing.  Instrumentation 
provides  an  important  contribution  to  achieving  design  objectives  when  it 
is  intelligently  employed  in  testing. 

Transducers  and  Recording  Equipment 

The  object  of  instrumentation  in  the  context  of  this  paper  is  to  assist 
m  the  attainment,  of  an  optimum  weapon  with  a  minimum  expenditure  of  time, 
funds,  and  effort.  A  good  definition  of  the  purpose  of  instrumentation  has 
been  stated  by  Dr.  K.  S.  Lion  of  the  Massachusetts  Institute  of  Technology 
in  his  new  book  entitled.  1 ‘Instrumentation  in  Scientific  Research".  He 
says,  "The  purpose  of  instrumentation  is  to  obtain  information  about  the 
physical  of  chemical  nature  of  an  investigated  object  or  process,  or  to  con¬ 
trol  an  object  or  a  process  m  accordance  with  such  information. 
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Information  is  required  or  supplied  either  in  a  continuously  variable  form, 
such  as  the  deflection  of  a  meter  (analogue  systems)  or  in  discontinuous 
steps,  such  as  by  counting  (digital  systems)."  In  order  to  have  meaning, 
it  is  essential  that  recorded  information  be  reduced  to  quantitative  values 
or  numbers.  This  is  achieved  by  means  of  carefully  established  proced¬ 
ures  for  precise  calibration  of  the  transducers  used  for  measuring  the 
various  physical  quantities  involved.  When  this  has  been  accomplished, 
we  have  a  measurement  system  and  valid  measurements  can  be  made. 

The  basic  measurement  chain  consists  of  five  elements: 

1.  The  physical  quantity  to  be  measured. 

2.  The  electrical  input  transducer. 

3.  Information  acquisition  and  transmission. 

4.  Data  analysis. 

5.  Interpretation  of  results. 

One  of  the  basic  design  requirements  of  prototype  artillery  and 
rocket  launcher  weapons  is  to  achieve  performance  objectives  with  a 
minimum  amount  of  hardware.  In  order  to  accomplish  this,  safety  fac¬ 
tors  ranging  from  1.  5  to  as  low  as  1.  2  are  used.  It  follows  that  as  safety 
ma  gins  are  decreased,  instrumented  measurement  accuracy  must  be 
correspondingly  increased  and  error  tolerances  held  to  a  minimum.  The 
necessity  for  high  grade  instruments  and  personnel  thus  becomes  increas¬ 
ingly  important. 

It  will  be  of  interest  to  discuss  the  first  three  elements  of  the  basic 
measurement  chain  as  they  relate  to  weapons  testing  at  Rock  Island  Arsenal. 

The  majority  of  weapons  tested  involve  measurement  of  one  or  more 
of  the  following: 

1.  Acceleration  of  components  and  assemblies. 

2.  Qualitative  and  quantitative  measurement  of  mechanical  strain 
in  components. 

3.  Direct  and  indirect  force  or  loads  applied  to  components  and 
assemblies. 

4.  Angular  and  translational  velocity  and  displacement  of  compon¬ 
ents  and  assemblies. 

5.  Liquid  and  gas  pressure  in  pneumatic,  hydraulic  and  hydro¬ 
pneumatic  systems  such  as  equilibrator s  and  recoil  mechanisms. 

6.  Temperature  of  liquid,  gas  and  solid  materials  in  weapon  com¬ 
ponents  and  assemblies. 

7.  Displacement  of  projectiles  and  missiles  (position  versus  time). 
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These  quantities  are  usually  measured  on  a  common  time  base  in 
order  to  identify  and  compare  the  initiation  and  time  duration  of  various 
related  events. 

.  The  second  element  in  the  measurement  system  is  the  electrical 
input  transducer.  Its  function  is  to  transform  the  physical  quantity  to  be 
measured,  as  existing  in  one  form  of  energy,  into  some  other  physical 
quantity  which  can  be  more  easily  measured.  In  view  of  the  fact  that  al¬ 
most  all  recorded  data  must  be  in  the  form  of  electric  analogs,  it  is  nec¬ 
essary  to  use  electrical  input  transducers.  These  are  devices  capable 
of  converting  any  form  of  energy  into  an  equivalent  electrical  current  or 
voltage.  The  versatility  of  these  devices  is  almost  limitless  and  the 
state  of  the  art  at  the  present  time  is  such  that  there  is  commercially 
available  an  electrical  input  transducer  for  measuring  any  or  all  physical 
quantities  and  they  are  available  in  a  wide  variety  of  ranges,  shapes  and 
sizes. 


The  types  used,  their  physical  and  electrical  characteristics,  and 
physical  quantities  measured  are  of  interest  since  experience  has  proven 
their  complete  suitability  to  weapons  testing.  The  majority  of  transducers 
used  are  of  the  electric  resistance  strain  gage  type  in  which  the  sensing 
element  is  in  the  form  of  the  conventional  four  arm  wheatstone  bridge. 

These  are  classified  as  nonself-generating  transducers.  They  are  divided 
into  two  groups,  one  having  bonded  wire  strain  gage  arms  and  the  other  hav^ 
ing  unbonded  strain  gage  arms.  The  former  are  more  rugged  than  the  lat¬ 
ter  and  can  better  withstand  high  shock  and  vibration  conditions.  The  un¬ 
bonded  strain  gage  types  are  generally  a  little  more  accurate  and  a  little 
more  linear.  However,  both  types  function  in  the  same  manner.  The 
bridge  arms  are  mechanically  fastened  to  the  sensing  element  flexure  de¬ 
vice  which  responds  to  the  measured  quantity.  Thus  changes  in  electrical 
resistance  are  produced  which  are  directly  proportional  to  the  physical 
quantity  to  be  measured,  It  is  necessary  of  course  to  excite  the  bridge 
with  either  A.C.  or  D.C,  current  in  order  to  obtain  an  output  signal  which 
by  definition  will  be  proportional  to  the  measured  quantity.  Transducers 
based  on  this  principle  can  be  used  to  measure  any  or  all  of  the  physical 
quantities  previously  stated,  within  cer  .ain  limits.  A  variant  of  this  type 
of  transducer  uses  inductive  elements  in  place  of  resistive  elements  in  the 
bridge  arms  and  require  A.  C.  current  excitation.  Generally,  they  have 
been  used  for  measurement  of  acceleration,  pressure  and  applied  loads 
such  as  recoil  mechanism  rod  pull  during  firing.  Transducer  type,  quan¬ 
tities  measured  and  operating  range  required  in  test  work  are  as  follows: 

1,  Load  cells  for  measurement  of  tension  and  compression  loads 
calibrated  directly  in  pound  units  of  force  in  the  range  of  zero  to  50,  000 
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pounds.  These  devil  cs  are  used  mi  artillery  to  measure  recoil  rod  load, 
trunnion  load,  elevating  mechanism  load,  firing  platform  load,  ground 
anchor  load,  and  many  other  related  special  applications.  On  weapons 
classified  as  rocket  launchers  such  as  XM70,  XM14,  XM91,  M186,  XM92, 
XMHO,  and  XMu‘1,  load  cidls  have  been  effectively  used  to  measure  such 
tilings  .is  weight  distribution,  center  of  gravity,  and  compression  and 
tension  loads  in  various  components  and  assemblies  under  both  handling 
and  firing  conditions.  Operating  range  from  0  to  ZO,  000  pounds  have  been 
required  for  tests  of  these  weapons. 

Z.  Accelerometers  calibrated  in  "G"  units  for  measurement  of 
acceleration  and  deceleration  of  components  and  assemblies  of  artillery 
and  rocket  launcher  weapons  are  used  under  various  operating  conditions 
such  as  firing  tests,  mobility  tests  and  drop  tests.  Accelerometers  are 
useful  for  measuring  accelerations  due  to  both  gross  motion,  such  as 
that  associated  with  recoil  of  artillery  tipping  parts  and  vibratory  motion 
resulting  from  high  rate  of  loading.  Piesoelectric  type  accelerometers 
are  seldom  used  because  they  are  not  as  easy  to  calibrate  as  the  former 
type  and  are  not  readily  adaptable  to  the  type  of  information  acquisition 
equipment  used.  Operating  range  from  0  to  plus  or  minus  1000  "G"  units 
have  been  used  in  tests. 

3.  Pressure  transducers  calibrated  in  pounds  per  square  inch 
units  are  used  primarily  for  measuring  gas,  and  oil  pressure  in  recoil 
and  cquilibrator  mechanisms.  The  operating  range  is  normally  zero 
to  10,  000  psi. 

4.  Linear  and  angular  displacement  transducers  calibrated  in 
units  of  .001  inch  to  60  inches  for  the  former  and  calibrated  in  degrees 
for  the  latter  are  used  on  artillery  to  measure  displacement  of  recoiling 
parts,  cquilibrator  motion,  carriage  hop,  firing  base  motion  and  deflec¬ 
tion  of  components  due  to  vibration  and  shock.  However,  in  addition  to 
variable  resistance  transducers,  variable  inductance  transducers  are 
also  used.  Special  solenoid  type  electro-mechanical  transducers  for 
measuring  recoil  displacements  up  to  60  inches  have  been  developed  at 
Rock  Island  Arsenal.  With  respect  to  rocket  launcher  materiel,  these 
devices  have  been  used  to  measure  the  deflection  amplitude  of  compon¬ 
ents  such  as  the  launcher  beam  during  simulated  launching  of  the  missile. 
Many  other  measurements  of  deflection  and  displacement  produced  by 
various  conditions  of  loading  have  been  made. 

5.  Velocity  transducers  have  been  used  in  connection  with  the 
measurement  of  vibratory  motion  of  components  in  the  range  .  001  to 


approximately  1  inch  double  amplitude.  However,  these  devices  are  seldom 
used  since  velocity  is  a  physical  quantity  that  does  not  indicate  intensity  of 
loading  and  thus  would*  not  indicate  probability  of  failure. 

6.  Bonded  wire  and  metal  foil  electric  resistance  strain  gages  are 
used  extensively  in  two  ways.  The  first  is  to  directly  measure  mechanical 
strain  and  the  second  is  to  use  them  as  transducer  sensors  by  mounting 
them  on  special  flexure  devices  which  are  calibrated  in  units  of  the  particu¬ 
lar  quantity  measured.  The  versatility  of  strain  gage  applications  is  limit¬ 
less.  They  are  indispensable  in  development  work  of  all  kinds. 

7.  Some  conventional  instruments  have  been  used  in  a  somewhat 
unusual  manner.  For  instance,  rate  gyroscopes  have  been  used  success¬ 
fully  to  measure  the  angular  velocity  of  howitzer  barrels  and  of  M386 
(Honest  John)  launcher  beams  during  firing.  The  range  of  the  instruments 
used  was  zero  to  200  degrees  per  second. 

8.  Externally  observed  functional  behavior  ranging  from  specific 
components  to  entire  weapons  are  monitored  with  normal  and  high  speed 
movies.  Gross  displacement  measurements  are  facilitated  by  the  use  of 
rectilinear  coordinate  grid  boards  as  a  backdrop.  Both  black  and  white 
and  color  film  are  employed. 

9.  Internal  and  external  temperature  measurements  are  recorded 
with  both  conventional  thermocouple  wire  and  with  electric  resistance  tem¬ 
perature  gages. 

It  should  be  noted  that  all  of  the  transducers  described  have  a 
linear  frequency  response  range  in  excess  of  that  required  for  the  majority 
of  weapons  tested  under  firing  conditions.  Generally,  this  should  be  not 
less  than  600  cps. 

10.  Artillery  projectile  velocity  is  measured  by  means  of  magne¬ 
tized  projectiles  fired  through  large  multi-turn  coils  of  copper  wire.  The 
pulses  of  electric  current  generated  in  the  coils  are  recorded. 

Physical  and  electrical  performance  requirements  for  transducers 
are  severe.  They  must  be  extremely  rugged  structurally  to  withstand  the 
effects  of  severe  shock  and  vibration  conditions  which  are  characteristic 
of  all  firing  tests.  For  example,  a  fluid  pressure  transducer  assembled 
on  a  recoil  mechanism  oil  head  must  be  physically  and  electrically  immune 
to  the  complex  time  motion  phenomena  that  it  is  subjected  to  in  order  to 
produce  a  faithful,  relatively  noise-free,  signal.  Accelerometers  must 
withstand  high  accelerations  in  directions  other  than  that  for  which  they 


54 


are  oriented  to  measure.  Transducer  function  is  generally  limited  by  the 
operating  environment  and  they  must  be  protected  from  direct  exposure  to 
heat,  blast  and  excessive  shock  loads.  When  it  is  necessary  to  use  spec¬ 
ial  mounting  brackets,  careful  attention  to  stiffness  and  rigidity  should  be 
made,  otherwise  spurious  signals  may  be  generated  and  superimposed  on 
those  produced  by  the  measured  quantity. 

The  third  element  in  the  basic  measurement  system  encompasses 
all  electronic  apparatus  for  information  acquisition  and  transmission.  In 
plain  language,  this  is  the  equipment  required  to  amplify,  modify,  and  re- 
co  rd  transducer  signals.  Since  the  majority  of  transducers  used  are  of 
the  non- self-generating  cate^ry,  carrier  type  amplifiers  are  required. 
This  type  of  amplifier  contains  circuitry  designed  to  give  output  signals 
which  are  plus  or  minus  with  respect  to  a  zero  reference.  Thus,  not  only 
continuous  variations  but  also  the  polarity  of  measured  quantities  can  be 
recorded,  it  is  necessary  to  use  either  a  built  in  or  external  oscillator 
and  power  supply.  The  former  excites  the  transducer  and  the  latter  sup¬ 
plies  energy  to  the  amplifier.  Provision  for  varying  signal  simplification 
in  precise  steps  is  of  course  essential.  The  transducer  is  electrically 
connected  to  the  amplifier  by  means  of  conventional  four  conductor 
shielded  cables  in  various  lengths  up  to  a  maximum  of  approximately 
160  feet. 

Self  generating  piezoelectric  transducers  are  generally  connected 
to  a  cathode  follower  followed  by  a  conventional  single  ended  input  am¬ 
plifier.  The  function  of  a  cathode  follower  is  to  serve  as  an  impedance 
matching  device  to  facilitate  maximum  transfer  of  energy  from  the  high 
impedance  piezoelectric  transducer  to  the  relatively  low  impedance  of 
the  amplifier. 


Records  of  amplified  signals  are  obtained  by  means  of  various 
types  of  direct  writing  oscillographic  recorders  and  with  cathode  ray 
oscilloscopes  equipped  with  photographic  attachments.  Recorders  are 
selected  on  the  basis  of  test  conditions.  Multi-channel  direct  writing 
light  beam  oscillographs  are  used  for  the  majority  of  tests.  Direct 
writing  is  accomplished  by  exposing  light  beam  galvanometer  traces  on 
commercially  available  photo- sensitive  paper.  These  recorders  are 
ideally  suited  for  weapons  testing  since  the  frequency  range  of  most 
physical  quantities  measured  on  weapons  is  well  within  the  capabilities 
of  these  instruments.  Galvanometers  and  associate  carrier  amplifiers 
in  the  range  zero  to  600  cps.  and  zero  to  3000  cps.  are  used.  Systems 
of  this  type  with  a  flat  frequency  response  range  from  zero  to  8000  cps. 
are  now  commercially  available.  The  systems  currently  in  use  at  Rock 
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Island  A  i  set  al  i  an  ai  i  omndate  u  { >  to  id  i  lianmls  ol  information.  Record 
i  hat  I  speeds  m  nurements  from  I  to  100  inches  per  second  are  provided. 
Chart  speeds  m  the  range  from  16  to  40  inches  per  second  have  been  found 
adequate  for  the  majority  ol  tests. 

Direct  writing  oscillographs  which  feature  a  heat  stylus  writing  on 
heat  sensitive  paper  have  limited  use  in  weapons  testing  due  primarily  to 
their  relatively  low  frequency  response.  They  are  well  suited,  however, 
to  static  and  quasi  ■  dynamic  tests  under  nonfiring  conditions. 

Cathode  ray  oscillographs  equipped  with  photographic  attachments 
are  necessary  for  recording  transient  phenomena  of  extremely  short 
time  duration  such  as  that  produced  by  air  blast,  dynamic  impact,  vibra¬ 
tion  and  other  phenomena  produced  by  high  loading  rate. 

Calibration 


Calibration  ot  the  transducers  is  performed  with  the  complete 
system  prior  to  each  days  firing.  Methods  are  usually  straight  forward 
using  static  known  quantities  such  as  those  produced  by  secondary  stan¬ 
dards.  Circuitry  for  electronic  calibration  of  each  channel  is  built  into 
the  recording  equipment.  This  is  usually  accomplished  by  switching  a 
resistor  across  one  active  bridge  arm  of  each  transducer.  The  result¬ 
ing  signal  is  recorded  as  a  step  in  the  trace  and  it  represents  a  fixed 
number  of  units  of  the  measured  quantity.  The  reduction  of  data  is 
accomplished  by  ratioing  the  internal  calibration  signal  to  that  produced 
by  the  secondary  standard.  It  is  necessary  to  obtain  calibration  signals 
frequently  during  test  in  order  to  compensate  for  small  variations  in 
signal  amplitudes  which  occur  due  to  variations  in  temperature,  supply 
voltage  and  zero  drift. 

Applic  ations 

It  may  be  of  interest  to  describe  some  instrumented  firing  tests 
of  weapons  and  components  in  process  of  development.  Four  investiga¬ 
tions  involving  the  development  of  disintegrating  projectiles  for  use  in 
howitzers  of  various  calibers  have  been  accomplished.  The  ultimate 
purpose  of  these  investigations  was  to  make  possible  the  training  of 
operating  personnel,  exercising  of  weapons  and  proof  checking  of  re¬ 
coil  mechanisms  and  carriages  in  populated  areas.  The  usual  pretest 
procedure  is  first  to  determine  what  physical  quantities  shauld  be 
measured  and  second  to  design  the  instrumentation  system  required  to 
measure  them.  Jt  is  the  practice  in  program  planning  to  determine  the 
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minimum  number  of  imuisurcincnts  ■m|uiri*d  to  achieve  the  desired  result. 
1'he  instrumentation  used  in  these  investigations  is  typical  for  the  majority 
of  firing  tests  of  artillery  and  boosted  rocket  launcher  weapons  at  Rock 
Island  Arsenal.  The  information  acquisition  and  transmission  equipment 
consisted  of  a  multi-channel  carrier  amplifier  system  and  optical  galvano¬ 
meter  recording  oscillograph.  The  transducers  used  consisted  of  the  non¬ 
self- gene  rating  type  previously  described.  The  physical  quantities  meas¬ 
ured  and  transducers  used  were  as  follows: 

1.  Recoil  Rod  Pull .- Measured  by  nrans  of  a  load  cell  consisting 
basically  of  a  steel  cylinder  with  bonded  wire  strain  gages  oriented  to 
sense  tension  load  and  calibrated  in  pound  units.  These  devices  are  assem¬ 
bled  directly  on  the  recoil  mechanism  rod  in  place  of  the  nut  and  are  a 
special  Rock  Island  Arsenal  design. 

2.  Circumferential  strain  in  the  Howitzer  barrel  and  bending 
strain  in  trails,  -Measured  by  means  of  conventional  electric  strain  gages. 

3.  Displacement  of  recoiling  parts.  -Measured  by  means  of  a 
special  variable  reluctance  transducer  developed  at  Rock  Island  Arsenal. 

4.  Acceleration  of  recoiling  parts.  -  Measured  by  means  of  com¬ 
mercial  transducer  of  the  electric  resistance  strain  gage  type. 

5.  Recoil  mechanism  oil  pressure,  -  Measured  by  same  type  of 
transducer  as  4. 

6.  Motion  analysis.  -Monitored  by  means  of  high  speed  and  con¬ 
ventional  speed  movie  cameras. 

Firing  tests  in  connection  with  development  work  on  a  light  weight 
105  MM  Howitzer  designated  the  XM102  system  has  been  in  progress  for 
several  years.  This  weapon  represents  a  radical  departure  from  con¬ 
ventional  artillery  design  in  that  the  original  weight  of  5600  pounds  is  be¬ 
ing  reduced  to  3000  pounds.  This  necessitates  a  great  variety  and  quan¬ 
tity  of  recorded  measurements.  In  addition  to  the  measurements  des¬ 
cribed  previously,  numerous  qualitative  and  quantitative  measurements 
of  strain,  deflection,  displacement  and  load  have  been  measured  by  means 
of  either  strain  gages  or  flexure  devices  using  strain  gages.  The  point  is 
that  with  a  little  ingenuity  and  perserverance  it  is  usually  possible  by  means 
of  conventional  or  improvised  transducers  to  measure  any  physical  quan¬ 
tity  associated  with  performance  of  weapons  under  firing  conditions. 
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Artillery  weapons  development.  programs  which  have  require  d 
rather  extensive  instrumentation  are  listed  as  follows: 

1.  Development  of  disintegrating  projectiles  for  artillery  weapons- 
previously  discussed. 

2.  Development  of  light  weight  105  MM  Howitzer  XM102-  previously 
ch  sc  ussed. 

3.  Development  of  prototype  auxiliary  propelled  carriages  for 
105  MM  Howitzer  and  155  MM  Howitzer. 

4.  Research  study  on  feasibility  of  firing  105  MM  Howitzer  mater¬ 
ial  Out- Of- Battery. 

5.  Research  study  on  feasibility  of  using  braking  rockets  to  provide 
counte r- recoil  force  for  105  MM  Howitzer  material. 

6.  Development  of  firing  platforms  for  artillery  and  boosted  roc¬ 
ket  launcher  weapons. 

7.  Development  of  improved  recoil  mechanism  control  rod  for 
105  MM  Howitzer  materiel. 

Due  to  limited  range  of  the  proof  testing  facilities,  tests  of  weapons 
classified  as  rocket  launchers  have  been  limited  to  only  a  few  weapons. 
These  were  weapons  that  could  be  fired  directly  into  a  Sand  pit.  The  quan¬ 
tities  measured  and  instrumentation  used  on  these  weapons  was  generally 
the  same  as  that  used  in  firing  tests  of  Artillery  weapons.  Most  of  the 
launcher  weapons  tested  are  research  and  development  prototypes  and 
have  required  during  the  course  of  development  work,  extensive  instru¬ 
mentation.  A  brief  discussion  of  some  of  the  more  novel  instrumentation 
used  on  some  of  these  weapons  follows. 

An  interesting  firing  test  program  was  conducted  to  measure  the 
time-motion  history  of  a  4.  5  inch  Multiple  Rocket  Launcher  M21  during 
firing.  A  system  of  flexure  devices  consisting  of  cantilever  springs  with 
strain  gages  mounted  on  them  were  calibrated  to  measure  deflection. 

They  were  oriented  to  measure  vertical,  lateral  and  longitudinal  motion 
of  the  launcher.  This  test  is  a  good  illustration  of  the  versatile  use  of  the 
electric  resistance  strain  gage  for  measuring  physical  quantities  other 
than  strain. 
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A  t  rcmrtidous  .mmunl  of  inst  rumentation  has  been  utilized  in  con- 
iH’dion  with  lining  tests  during  the  course  of  development  work  on  the 
IIS  MM  Rocket  Lautuher  XM70.  This  weapon  fires  a  boosted  rocket  type 
artillery  shell.  Two  accelerometers  were  mounted  directly  on  the  muz¬ 
zle  of  the  barrel  during  a  series  of  firing  tests  in  order  to  measure  the 
deflection  of  the  muzzle  m  the  vertical  and  lateral  directions.  Deflections 
were  obtained  by  electronic  integration  of  the  accelerometer  signals. 

Instrumentation  has  been  used  extensively  in  firing  tests  in  con¬ 
nection  with  development  of  the  spotting  gun  Xf.477  for  the  XM29  system 
(Davy  Crocket  Weapon).  As  previously  mentioned,  rate  gyroscopes  were 
used  successfully  to  measure  the  angular  velocity  of  the  beam  on  a  M386 
Launcher  during  firing.  A  considerable  amount  of  instrumented  measure¬ 
ments  have  been  made  in  connection  with  the  development  of  the  various 
launchers  for  Honest  John  and  Little  John  Rockets,  such  as  the  M386  and 
the  XM34.  However,  these  were  static  and  quasi  -  dynamic  tests,  not 
involving  actual  firing  of  rockets. 

Instrumentation  Problems 

All  technoligical  effort  is  beset  with  problems  and  the  acquisition 
of  data  on  weapon  performance  is  no  exception.  Instrumentation  problems 
that  arise  fall  into  three  general  categories.  The  first  includes  those 
which  are  caused  by  the  complex  physical  effects  resulting  from  high  load¬ 
ing  rates  imposed  on  weapon  structures  during  firing.  The  second  cate¬ 
gory  includes  those  resulting  from  physical  and  environmental  conditions 
which  impose  severe  restrictions  on  measuring  instruments,  primarily 
the  transducer  itself.  The  third  includes  those  problems  due  to  functional 
limitations  of  instrument  systems. 

In  so  far  as  the  first  category  is  concerned,  the  firing  impulse 
transmits  complex  shock  and  vibration  phenomena  which  are  sensed  by 
transducers  as  corresponding  variations  in  strain,  deflection,  force, 
pressure,  and  acceleration,  to  name  a  few.  These  secondary  effects  are 
superimposed  on  the  primary  effects  and  the  result  is  often  seen  as  a 
noise  or  "hash"  m  the.  recorded  trace.  However  m  dynamic  work  it  is 
often  important  to  take  secondary  effects  such  as  strain  into  account, 
especially  when  the  sum  of  the  primary  and  secondary  effect  is  sufficient 
to  cause  failure.  For  this  reason  it.  is  generally  not  advisable  to  use 
electrical  or  mechanical  filtering  devices.  Intermediate  mounting  de¬ 
vices  are  potential  sources  of  trouble,  since  they  may  vibrate  and  pro¬ 
duce  spurious  signals  in  the  transducer  which  may  be  misinterpreted. 


Th  c  set  mid  i  ategory  involves  some  very  formidable  physical  prob- 
loins.  1’he  usual  situation  involves  the  measurement  of  some  physical 
i|iiuntity  in  an  inaccessible  internal  part  or  an  external  part  with  insufficient 
mounting  space  for  the  transducer. 

The  third  category  involves  the  usual  well  known  difficulties  associ¬ 
ated  with  electronu  equipment  such  as  internally  and  externally  generated 
noise,  broken  ronnci  turns,  feedback,  high  resistance  soldered  joints,  sys¬ 
tem  nonlinearity,  failure  of  electrical  components  and  many  others. 

It  is  hoped  that  this  paper  has  been  sufficiently  comprehensive  to 
give  some  insight  into  the  important  roll  that  instrumentation  plays  in 
weapons  testing  at  Rock  Island  Arsenal. 


DISCUSSION 

Question:  Do  you  calibrate  at  rapid  rates  or  do  you  calibrate  under  sta¬ 
tic  conditions? 

Mr.  Hanson:  We  have  calibrated  accelerometers  at  rapid  rate  using  a 
cathode  ray  oscilloscope  with  camera  attachment  but  it  was  difficult. 
Generally  we  calibrate  with  static  quantities  and  where  we  can  we  try  to 
calibrate  with  dynamic  quantities. 

Questioner:  I  was  just  trying  to  find  out  if  there  were  some  means  of 
calibrating  this  equipment  under  dynamic  conditions. 

Mr.  Hanson:  Well,  maybe  I  could  go  into  details  on  this  subject  with  you 
later.  I  think  ti.ne  is  a  little  short  to  go  into  details  now. 
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THK  PROPAGATION  OK  SHOCK  WAVES  INDUCED 
BY  UNDERGROUND  EXPLOSIONS 


Diet  rich  E.  Gudzent* 


AILS  TRACT 


This  paper  is  intended  to  present  the  survey  of  the  current  status  of 
investigations  concerned  with  some  of  the  fundamental  problems  involved  in 
determination  of  efficient  underground  structures.  The  application  of  re¬ 
sults  from  such  studies  is  critical  in  the  design  of  such  things  as  bomb 
shelters,  missile  storage  silos,  highway  construction,  and  mining  opera¬ 
tions.  Information  available  has  been  drawn  from  many  sources:  explo¬ 
sions  of  mining  operations,  theoretical  studies,  earthquakes,  experimental 

nuclear  explosions,  and  many  small-scale  laboratory  experiments. 

% 

Particular  emphasis  has  been  devoted  to  a  study  of  the  effects  of 
soil  properties  such  as  mineral  and  moisture  content,  grain  size,  density, 
and  cohesion.  Shock  waves  passing  through  the  earth  have  been  measured 
and  attempts  to  determine  such  things  as  particle  acceleration,  velocity, 
displacement,  and  p'  ak  pressure  of  the  front  of  the  wave  have  been  made. 
In  theoretical  studies  the  slope  of  the  acceleration  vs.  the  distance  from 
the  explosion  has  been  derived,  i.c.  Ar  =  AQ  exp  (-n  1  In  r),  where  Ar 

is  the  acceleration  at  distance  "r",  AQ  is  the  acceleration  at  the  distance 
zero,  "n"  is  the  exponent  which  determines  the  rate  of  decrease  of  the 
acceleration  with  the  distance  "r"  from  the  explosion.  Attempts  to  pre¬ 
dict  shock  wave  intensity  for  full-scale  explosions  from  the  results  of 
scale  tests  require  use  of  a  scaling  formula.  One  commonly  used  is: 

Ws  =  WL  .  s  \  where  W  y  i  s  the  weight  of  the  test  explosive,  Wp  is  the 

weight  of  the  full-scale  explosive,  and  S  is  the  scale  factor.  This  formula 
is  satisfactory  for  air  blasts  but  fails  in  application  to  underground  explo¬ 
sions  because  the  equation  of  state  of  soil  conditions  is  not  clearly  defined. 
Other  possible  formulas  for  use  in  scaling  may  possibly  be  that  used  in  de¬ 
riving  Newton's  number  or  Hooke's  number. 

In  addition  to  studies  devoted  predominatly  to  soils  and  the  nature 
of  the  transmission  of  wave's  through  such  a  theoretical  effort  has  been  ex¬ 
pended  in  attempts  to  establish  equations  of  motion  for  the  propagation  of 
shock  waves  through  solid  bodies. 


*  Mr.  Dietrich  E.  Gudzent,  Chief,  Dynamics  Characteristics  Section, 

Dynamics  Analysis  Branch,  Structures  and  Mechanics  Laboratory,  AMC, 
Redstone  Arsenal  ,  Huntsville,  Alabama-. 
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A  number  oi  theoretic  al  approaches  to  the  particular  problem  of  es¬ 
tablishing  mathematical  models  for  shock  wave  propagation  will  be  discussed 
in  this  paper.  Some  discussion  of  experimental  work  in  terms  of  tests  and 
a  determination  of  scaling  laws  will  be  given.  Recommendations  for  future 
theoretical  work  and  experimental  research  will  be  made. 

THE  PROPAGATION  OF  SHOCK  WAVES  INDUCED  BY  UNDERGROUND 
EXPLOSIONS 

l  would  like  to  give  you  a  brief  survey  of  the  efforts  devoted  to  the 
study  of  shock  waves  induced  by  underground  explosion  and  their  interaction 
with  buried  structures.  1  want  also  to  show  how  this  applies  to  the  problem 
of  sympathetic  detonation  of  missiles  housed  in  underground  silos. 

Let  us  assume  that  a  certain  number  of  silos  are  clustered  to  a  nest, 

* 

that  the  nests  are  a  certain  distance  from  each  other,  and  that  a  number  of 
nests  are  integrated  into  a  system.  It  is  possible  that  a  missile  blowup  can 
occur.  We  require  that  in  such  a  case  only  one  nest  may  be  destroyed  while 
all  other  nests  remain  operational.  Or,  in  other  words,  the  radius  of  des¬ 
truction,  r^,  must  be  related  to  the  inter-nest  distance,  1,  by  the  inequality 

.  rd  <  l 

This  requirement  may  be  achieved  by 

1.  suitable  design  of  silos  and  nests 
1.  choosing  proper  distance  "1"  between  two  nests 
3.  using  means  to  attenuate  the  propagating  shock  wave  between 
adjacent  nests. 

We  can  try  to  achieve  a  solution  in  two  different  ways,  either  by  ex¬ 
perimental  investigations  or  by  theoretical  considerations. 

Let  me  first  discuss  experimental  investigations. 

Little  has  been  done  to  date  in  full-scale  experiments  but  numerous 
scaU'dexpenments  have  been  performed. 

In  1946  Lampson  published  his  very  extensive  and  comprehensive  re¬ 
port  relating  measured  phenomena  from  underground  explosions  to  damage 
on  underground  structures.  Lampson  derived  a  currently  well  known  model 
law  to  extend  the  results  of  properly  designed  experiments  over  a  range  of 
scale  factors. 


According  lu  this  law,  it  l)|  is  tlu-  distance  from  an  explosion  of  a 
material  of  reference  weight,  W|,  with  which  a  certain  overpressure  (jr 
dynamo  pressure  is  attained,  then  for  any  weight  of  explosive,  W,  these 
same  pressures  will  occur  at  a  distance,  0,  given  by 


1) 


1) 


W 

W 
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This  law  has  been  widely  used  in  current  literature  despite  the  fact 
that  many  authors  have  found  discrepancies  between  it  and  actual  measure¬ 
ments.  This  is  not  too  surprising  because  the  law  is  well  established  only 
for  a  gaseous  medium  which  follows  the  law  of  state  of  an  ideal  gas.  We 
shall  not  expect  that  solid  material  behaves  like  an  ideal  gas.  As  long  as 
we  do  not  have  a  law  of  state  for  soil,  we  will  have  difficulties  in  establish¬ 
ing  scaling  procedures  for  investigation  of  explosions. 

For  this  reason  many  scientists  have  developed  empirical  formulae 
for  the  attenuation  of  a  shock  wave  versus  distance.  As  an  example,  Town¬ 
send,  Langseth,  and  Perkins  published  the  formula 


-  A, 


-n  In  r 


where  A  is  the  acceleration  at  the  distance,  r,  and  is  the  acceleration 
r  o 

for  the  distance  zero.  The  value  of  n  has  been  found  to  be  4.  3  in  sand  and 


4.2  in  clay,  varying  with  distance. 


Unfortunately,  time  is  short  so  I  must  end  the  discussion  of  experi¬ 
ments  in  order  to  mention  in  the  remaining  minutes  some  theoretical  con¬ 
sideration.  This  part  of  the  discussion  consists  of  a  description  of  the  re¬ 
quirements  for  the  time-location  relationship  of  the  propagating  wave  after 
an  underground  explosion  and  its  action  upon  the  next  nest,  considering 


1 .  type  of  wave , 

2.  frequency  distribution, 

3.  kind  of  soil, 

4.  type  of  explosion  of  detonation,  and 
3.  design  criteria  of  silos  and  nests. 


At  the  present  time  no  general  equation  of  such  nature  exists  due  to  the  com¬ 
plexity  of  the  problem  and  the  contributing  unknown  factors  and  functions. 

For  certain  aspects  of  the  problem  treatments  are  available. 

In  order  to  treat  the  propagation  of  waves  through  soil  it  is  necessary 
to  assume  idealized  behavior  of  the  soil  with  regard  to  deformation.  The 
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must  i  niuimm  1  (If  al  i  /  .il  u  ms  .ire  reprvsrntcd  by  the  model  ol  the  elastic 
medium  and  the  locking  medium.  It  is  not  necessary  here  to  discuss  the 
behavior  ol  elastic  medium  except  to  note  that  in  some  cases  rock  may  be 
considered  as  ideally  elastic. 

The  locking  medium  is  c  ha  rai  te  ri /ed  by  a  certain  behavior  of  the 
stress- strain  relation  of  granular  masses  which  may  be  described  as  fol¬ 
lows: 


Fi  rst  Stage:  On  initial  compression  a  slightly  non-linear  elastic  be¬ 
havior  exists. 


Second  Stage:  Further  compression  may  produce  a  plastic  flow  and 
some  gradual  breaking  of  grains  resulting  in  a  softening  or  plastic  response. 

Thi  rd  Stage :  Additional  pressure  produces  a  rather  sudden  re¬ 
arrangement  of  granules  into  a  less  compressible  state  accompanied  by 
large  volumetric  changes  and  by  permanent  strains,  manifested  by  the 
upturning  of  the1  stress- strain  curve. 

The  stress- strain  relation  can  he  idealized  by  various  curves  as 
shown  in  Fig.  a,  b,  c,  and  d,  the  simplest  being  that  of  Fig.  a,  a  case 
which  we  will  consider  later.  This  stress-strain  diagram  implies  that  upon 
initial  loading  the  medium  exerts  no  resistance  until  a  critical  value  of  the 
strain  (or  density)  is  reached.  Beyond  this  critical  strain  the  material  be¬ 
comes  incompressible.  Modifications  affect  either  the  initial  behavior  of 
the  material,  making  it  elastic  (Fig.  b)  or  elastoplastic  (Fig.  c),  or  they 
influence  the  behavior  after  the  critical  strain  is  reached  by  permitting  a 
certain  amount  of  residual  elasticity,  leading  to  the  bi-linear  model  of  Fig. 
d.  At  lower  levels  of  compression,  where  the  governing  phenomenon  is 
not  that  of  incompressibility  but  rather  that  of  a  gradual  but  irreversible 
volume  change,  the  behavior  of  the  medium  may  be  characterized  by  the 
stress- strain  curve  of  Fig.  e. 

In  some  cases  sand  may  be  considered  as  an  ideal  locking  medium. 
Other  types  of  soil  such  as  clay  are  located  between  the  elastic  and  the 
locking  medium. 

Time  limits  a  comprehensive  discussion  of  famous  mathematical 
treatments  given  by  Mutton,  Skalak,  Salvador!,  Weidlinger,  and  Wiedermann, 
to  mention  a  few.  I  would  like  to  present  only  one  example:  a  very  recently 
published  paper  by  Jordan  in  England.  He  gives  a  thorough  mathematical 
treatment  and  arrives  at  solutions  which  can  be  numerically  evaluated.  The 
detailed  description  of  the  theory  is  beyond  the  scope  of  my  presentation 
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IDEALIZED  STRESS  -  STRAIN  CURVES 


in(l.i\  1)1,1  to  give  .in  ill,'. i  !  will  outline  lie  re  tin'  basis  of  Ins  approach.  Jordan 
.iSMinii's  an  infinite,  i  ylindiu  al  hole  in  tin-  solid  body,  partially  filled  with  ex¬ 
plosives.  The  explosive  is  lighted  on  one  end,  the  explosion  travels  through  the 
null  rial  m  the  hole  and  a  shook  wave  is  created  showing  a  certain  time  delay. 

Cylindrical  coordinates  (  T,  0  }Z).  are  used,  with  the  origin  of  Z 
at  the  venter  of  the  source.  Z  extends  along  the  axis  of  the  hole.  The  radius  » 

ot  the  infinite  length  evlmdrii.il  hole  is  a,  the  displacement  components  in  the 
T  and  Z.  directions  are  ur  and  respectively,  and  component  Ug  is  ab¬ 

sent  lor  reasons  <>l  symmetry.  After  introducing  convenient  non-dimensional 
coordinates,  the  general  differential  equations  for  the  motion  of  a  particle  are  « 
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yWe  have  two  sets  i  I  two  ecpiations  each  for  the  two  components, 
and  for  which  we  substitute  lir  and  respectively.  The 

reason  is  that  the  original  equation 

1  -  arcdcUvU  -  C“rL  c“riU 
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has,  lor  simplicity,  been  split  into  two  equations;  hence,  it  is  necessary  to 
seek  common  solutions  of  the  two  systems. 
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I'll,-  spot  t.il  term  ui  tin-  differential  system  suggests  tin-  use  of  a  double 
l-'iiui'u-r  transform  irom  which  tin-  e(|iiatio-i  lor  the  transformed  functions  re¬ 
sults  in  tin-  well-known  Bessel  e(|uations.  Tln-se  equations  are  solved  by  Ilankel- 
fiuntions  (He  sse  1  -  lime  l  ions  of  third  kind).  The  boundary  conditions  need  care¬ 
ful  consideration  to  determine  their  effects  on  the  path  of  integration  in  order 
lo  avoid  certain  problems  arising  lrom  branch  points  occurring  in  the  problem. 
The  task  of  obtaining  a  common  solution  to  both  systems  can  be  achieved  ap¬ 
proximately  by  applying  the  method  of  "steepest  descent"  from  calculus  of 
variation.  Having  obtained  the  solutions,  they  are  re-transformed  by  the  ap¬ 
propriate  inverse  Fourier  transforms.  Exact  solutions  can  not  be  obtained, 
but  it  is  possible  to  adapt  the  integrals  for  an  asymptotic  expansion.  Jordan 
has  shownthat  these  expansions  with  resulting  approximations  are  valid  for 
certain  regions  surrounding  the-  source,  but  they  cannot  be  applied  to  other 
regions,  such  as  the  region  located  near  the  free  end  of  the  exploding  column 
energy  source.  Adapting  the  mathematical  expressions  to  solution  by  numer¬ 
ical  methods  dually  makes  it  possible  to  arrive  at  expressions  of  special  wave 
forms  with  variations  versus  time  and  distance. 

Based  primarily  on  the  material  which  I  have  presented  here  in  addition 
to  many  more  investigations  not  discussed  today,  we  conclude  that: 

Publications  on  experiments  to  date  do  not  give  the  desired  answer  to 
our  specific  problem,  principally  due  to  the  following  reasons: 

a.  Most  of  the  experimental  works  were  not  intended  to  solve  ex¬ 
actly  the  same  problem  with  which  we  are  concerned.  Many  neglect  phenomena 
or  circumstances  which  are  vital  to  our  task,  i.e.  (a)  using  spherically  shaped 
instead  of  cylindncally  shaped  charges,  or  (b)  directly  burying  the  charges  in¬ 
to  the  soil  neglecting  an  air  gap,  or  (c)  using  different  type  of  explosives. 

b.  Most  ot  the  experimental  works  give  too  little  consideration 
to  the  theory  of  similitude  and  so  prevent  satisfactory  extrapolation  to  larger 
or  smaller  dimensions,  i.e.  application  of  a  scaling  law  to  underground  ex¬ 
plosions  which  is  well  established  only  for  air  blasts. 

For  that  reason  we  are  initiating  at  Army  Missile  Command  a  critical 
comparison  of  all  important  information  dealing  with  experimental  data  in  an 
effort  to  establish  an  integrated  picture  by  inte r- linking  the  more  or  less 
isolated  data  of  independent  reports.  Furthermore,  we  will  conduct  our  own 
experiments  to  till  existing  gaps  of  information  or  to  gain  specific  data  for 
theoretical  i n ve s ti gallons . 

The  theoretical  works  do  not  present  the  desired  answer  to  our  specific 
problem  due  principally  to  the  fact  that  one  or  more  assumptions  and/or  sim¬ 
plifications  necessary  for  mathematical  treatment  do  not  agree  with  the 


conditions  of  our  problem.  l*’or  that  reason  we  will  conduct  a  critical  in¬ 
vestigation  of  the  most  important  theoretical  approaches  to  determine  to 
what  extent  they  are  applicable  to  our  problem,  and  we  plan  to  apply  the 
most  promising  approaches  to  our  special  requirements.  Finally,  we  will 
compare  theoretical  results  with  the  experimental  data.  We  want  to  give 
attention  to  the  development  of  equations  of  state  for  solids  with  the  objec¬ 
tive  of  establishing  a  theoretically  well-founded  scaling  procedure  for  ex- 
pe  riments  in  soils. 

Finally,  we  are  going  to  include  studies  of  the  interaction  of  a  shock 
wave  with  buried  structures  in  the  above-mentioned  investigations  with  the 
ultimate  goal  of  establishing  the  design  criteria  for  silos  subjected  to  heavy 
dynamic  loads  from  underground  explosions. 


Banquet  Address 

RESEARCH  1  AND  DE  VK  LOPMENT  FOR  ARMY  MOBILITY 

Major  General  Alden  K,  Sibley 
U.  S.  Army  Mobility  Command 
Spring Tir Id  Armory 
Springfield,  Mas  sac  huso  Its 


Mr.  Chairman,  General  Britton,  Colonel  Mediums,  Dr.  Kumar,  Dr. 
Hammer,  members  of  Army  Conference  on  Dynamic  Behavior  of  Materials 
and  St  met  tire  s: 

It  is  a  pleasure  to  be  with  you  tins  afternoon  to  participate  in  your  con¬ 
ference.  Your  three-day  program  is  impressive,  and  I  was  delighted  to 
see  that  no  less  than  9  of  your  -16  participants  are  members  of  the  research 
and  development  agencies  of  three  of  the  Mobility  Command's  largest  in¬ 
stallations:  the  Detroit  Arsenal  and  Army  Tank- Automotive  Command,  lo¬ 
cated  near  my  headquarters  in  Detroit;  the  Transportation  Engineering 
Agency  (TRECOM),  at  Fort  Eustis,  Virginia;  and  the  Engineer  Research 
and  Development  Laboratories  at  Fort  Belvoir,  Virginia. 

I  have  had  the  opportunity  to  read  the  fine  papers  that  will  be  pre¬ 
sented  by  members  of  these  installations,  and  was  highly  impressed  by 
both  their  technical  excellence  and  their  very  real  contribution  to  the  study 
of  the  dynamic  behavior  of  materials  and  structures.  I  am  confident  that 
your  conference  will  be  of  great  value  not  only  to  the  Mobility  Command  and 
to  every  Army  installation  represented  here  today,  but  to  our  domestic  econ¬ 
omy  as  we  1 1 . 

You  are  engaged  in  an  area  of  research  whose  application  has  already 
revolutionized  modern  technology  and  which  will  continue  to  affect. every 
aspect  of  modern  life,  particularly  as  the  tools  and  techniques  of  your 
science  become  more  and  more  powerful.  Throughout  my  career  as  an 
engineer  officer,  I  have  watched  your  science  grow.  Your  work  permeates 
every  field  of  modern  technology.  No  matter  where  we  look,  whether  to 
man's  domination  of  his  natural  environment  here  on  earth  or  to  his  mastery 
of  outer  space,  the  materials  expert  has  set  the  pace  of  progress.  I  envy 
you  for  your  great  and  challenging  opportunity  as  scientists  and  engineers 
to  work  in  one  of  the  youngest  and  most  exciting  of  scientific  diciplines. 
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Progress  made  in  developing  new  and  better  materials  will  aflect  di- 
ri'i  1 1  v  .ill.iiniiH'iil  ol  total  mobility  tor  the  Army  of  tin:  future.  In  a  very 
real  sense  the  Army's  ability  to  move  -  the  primary  mission  of  the  new 
Mobility  Command  -  will  be  affected  profoundly  by  your  efforts  anil  your 
de  g  fee  o  1  sili  less. 

fn  tlu'  lai  e  of  the  stealthy  encroachment  of  communism  into  free  world 
areas  since  the  end  ol  World  War  II,  we  have  at  last  fully  realized  the  na¬ 
ture  of  the  threat  and  have  taken  the  steps  necessary  to  halt  the  nibbling, 
"slue  of  salami1  tactics  of  communist  aggression.  We  have  become  fully 
aware  of  the  war  being  fought  against  us.  In  building  a  greater  capability 
for  fighting  limited,  sub  limited  and  counter-guerilla  warfare,  highly  mo¬ 
bile  conventional  forces  have  at  last  been  given  proper  recognition  and  em¬ 
phasis.  The  advent  of  nuclear  energy,  of  absolute  firepower,  has  changed 
forever  the  art  of  war.  If  we  are  to  have  a  history  this  must  be  the  last 
era  in  the  history  of  mankind  of  the  ascendency  of  firepower.  Therefore, 
it  becomes  evident  that  we  are  now  at  the  dawn  of  the  golden  age  of  stra¬ 
tegic  and  tactical  mobility  in  the  art  of  war.  This  will  be  the  underlying 
philosophy  of  the  art  of  war  in  the  future.  We  can  never  go  back  to  a  stra¬ 
tegy. based  on  firepower.  We  must  build  our  capabilities  now  for  quick, 
lightening  like  thrusts  to  stamp  out  l.  rushfire  wars  in  any  part  of  the  world 
in  a  matte  r  of  hours  . 

Mobility  will  remain  of  overriding  importance  for  as  long  as  the  free¬ 
dom  of  Western  Civilization  is  threatened  by  communist  aggression.  We 
must  build  mobile  forces  capable  of  a  graduated  response  to  any  type  of 
aggression.  Our  modern  mobile  Army  must  be  able  to  respond  even  more 
rapidly,  through  use  of  both  air  and  ground  mobility,  to  a  wide  variety  of 
conflict  situations,  from  subversion  and  insurgency  to  major  military  op- 
e  rations . 

Recognizing  that  we  can  no  longer  afford  to  subordinate  mobility  to 
firepower,  our  government  has  recently  decided  to  create  a  single,  ex¬ 
pert  mobility  team  to  administer  the  Department  of  the  Army  program  for 
research  and  development,  production  and  procurement,  as  well  as  supply 
management  of  all  types  of  mobility  equipment  anil  supplies.  It  has  been 
fully  realized  that  the  leadership  of  the  free  world  requires  mobile  forces 
adequate  to  support  a  determined  national  policy. 

The  Army's  need  for  true  strategic  and  tactical  mobility  must  be  met 
by  the  best  possible  efforts  of  our  military  -  industry  team.  We  must  have 
tactical  mobility  on  land,  on  water,  and  in  the  swamps  and  jungles  of  South¬ 
east  Asia,  the  deserts  of  the  Middle  East,  the  developed  areas  of  Western 
Europe,  in  all  conceivable  types  of  terrain  and  climate.  We  must  have  the 


capability  In  ciiiilrimt  and  de if. it  any  type-  of  military  lorce,  lroin  the  mo¬ 
di' rn  massive  and  mobile  armies,  tu  small  hit  -and- run  qucrilla  bands. 

We  therefore  must  have  tactical  mobility  in  all  environments  -  vehicles 
that  operate  on  the  surface,  those  like  the  GEMS  under  development  that 
travel  a  short  distance  above  the  nap  of  the  earth,  in  and  over  water,  and 
m  llu'  air.  Ground  vehicles  must  be  able  to  traverse  the  roughest  terrain, 
to  operate  in  mud,  ice,  snow,  water  and  sand,  as  well  as  on  developed 
highways.  We  must  continue  to  exploit  with  all  the  vigor  and  imagination 
at  our  command  every  significant  scientific  and  technological  breakthrough 
m  tile  fi eld  of  mobi lily. 

We  have  thus  far  established  here  in  Detroit  a  modest  headquarters  of 
MO  people  in  the  Administration  Building  of  the  Michigan  Ordnance  Missile 
Plant.  From  now  until  the  end  of  the  calendar  year,  the  Mobility  Command 
headquarters  will  gradually  be  expanded  to  its  full  strength  of  some  600  key 
executive,  administrative,  and  technical  personnel. 

The  tremendous  number  and  variety  of  products  managed  by  the  Mo¬ 
bility  Command  makes  it  by  far  the  most  complex  of  the  seven  commands 
that  comprise  the  Army  Materiel  Command.  The  commodities  managed 
from  the  new  headquarters  in  Detroit  will  include  electrical  power  and  gen¬ 
eral  equipment,  construction  and  service  equipment,  bridging  and  barrier 
equipment,  general  mobility  supplies,  general  purpose  vehicles,  all  Army 
aircraft,  aeronautical  equipment,  aerial  delivery  equipment,  and  surface 
t ranspo rtation  equipment. 

The  new  Mobility  Command  will  be  composed  of  nine  major  field  in¬ 
stallations,  including  ATAC/Detroit  Arsenal,  operated  by  a  total  of  over 
14,  000  military  and  civilian  personnel.  MOCOM  will  manage  the  whole 
spectrum' of  mobility  equipment  from  research  and  development  through 
production  of  over  Mb,  000  separate  items  -  well  over  half  of  all  the  items 
of  the  Army  Materiel  Command  as  a  whole.  The  Mobility  Command  will 
operate  on  a  budget  exceeding  $Z.  0  billion  annually,  and  in  this  fiscal  year 
$1 .  Z  will  be  spent  directly  for  hardware,  and  $IZ0  million  for  research  and 
de  ve  1  opment . 

Rapid  progress  in  research  and  development,  for  bold  new  ideas  and 
innovations,  is  one  of  the  primary  goals  of  the  new  Mobility  Command.  We 
must  push  back  the  frontier  of  knowledge  to  produce  new  materials,  new 
methods,  •and  new  processes.  Lead  time  in  placing  new  equipment  in  the 
hands  of  troops  must  be  reduced  from  the  7  year  cycle  of  the  past  to  4  years. 
The  job  must  begin  at  the  R&D  phase  and  be  carried  through  with  vigor  and 
imagination  to  the  production  and  distribution  of  new  equipment  to  troops  in 
the  field. 


1'  i.l  1. 1  c  iih.nues  in  .1  great  imiiibi'i  ul  teihntilugie.il  1 1 « *  t  <  I  .s  rests  squarly 
u|  u  1 1 :  tin  development  ul  new  t  n.il  e  r  i  .  1 1  s .  The  range  ol  materials  with  which 
we  have  been  wui-  king  lor  i  entum-s  will  nut  sullice  today.  In  our  space  and 
missile  ptogr.ims,  we  need  rubber  that  i  an  withstand  both  the  high  tempera- 
tun  s  id  the  heat  barrier  and  the  icy  breath  of  the  stratosphere,  lubricants 
that  retain  their  properties  on  red  hot  surfaces,  protective  films  that  resist 
al  1  •  i  or  reding  aiids.  and  propellants  whit  h  will  not  crack  under  extreme  shock 
and  vibration. 

The  unpret  edented  demands  fur  new  materials  are  staggering  -  materials, 
for  example,  that  tan  withstand  conditions  of  extreme  heat  and  pressure  in 
the  order  of  a  half  million  pounds  per  square  inch  and  3000  degrees  Centi¬ 
grade.  All  the  Armed  Forces  share  the  need,  and  are  working  jointly  in 
this  area  on  a  variety  of  approaches  -  in  plastics,  in  ceramics,  in  polymers, 
and  in  metals  -  spending  many  million  dollars  a  year.  The  future  of  these 
techniques  depends  upon  successful  breaking  of  the  materials  barrier. 

You  are  working  in  an  exciting,  relatively  new,  and  challenging  area  of 
research  of  basic  importance  to  all  future  progress  in  the  development  of 
equipment  and  materials  for  the  modern  Army.  I  was  delighted  to  see  the 
word  '  dynamic''  emphasized  in  the  announcement  of  this  conference.  We 
wouldn't  have  to  go  back  too  many  years  -  in  fact,  well  within  the  experience 
and  memory  of  many  of  us  in  this  room,  when  "static"  analysis  of  the  strength 
of  materials  would  be  the  keynote  of  such  a  conference.  This,  I  suppose,  can 
be  laid  to  the  door  of  the  civil  engineer,  since  the  whole  field  of  materials 
research  grew  from  his  need  to  create  better  materials  for  his  static  construc¬ 
tion.  Curiously  enough,  the  emphasis  upon  static  phase  of  your  study,  and 
the  dominance  of  the  civil  engineer  in  this  work,  has  cast  a  long  shadow. 

I  would  venture  to  say  that  the  majority  of  texts  used  in  our  colleges  and  uni¬ 
versities  today  in  the  strength  of  materials  courses  were  written  by  civil 
engineers;  and  further,  that  these  texts  deal  comprehensively  with  static 
analysis,  treating  dynamics  as  a  special  case. 

Not  until  the  development  of  steam  propulsion  in  railroads  and  ships  did 
our  attention  turn  to  the  study  of  dynamic  behavior,  unfortunately  as  an  ex¬ 
tension  of  static  behavior.  I  know  that  this  was  true  in  my  own  education  in 
civil  engineering  at  West  Point  some  thirty  years  ago,  and  I'm  sure  that 
some  of  tin'  texts  1  used  then  are  still  current  in  revised  editions.  Perhaps 
now  is  the  time  to  reconsider  the  conventional  approach  to  these  studies  and 
to  dwell  predominantly  upon  dynamics  and  to  consider  static  analysis  as  a 
lesser  and  special  c  ase. 

This  early  emphasis  on  the  static  behavior  of  materials  forced  reliance 
on  empirical  methods  and  use  ol  the  "safety  factor."  that  is.  a  factor  of 
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ignorance  in  designing  machinery  and  vehicles.  The  degree  to  which  these 
factors  of  ignorance  have  been  cut  is  a  good  indication  of  the  progress  that 
has  been  made.  Thirty  years  ago  safety  factors  as  high  as  10  were  not  un¬ 
usual.  But  with  steadily  increasing  knowledge  of  size  effects,  surface 
finishes,  heat  treatment,  notch  effects,  and  analysis  by  wire-resistance 
strain  gauges,  and  other  modern  techniques  of  analysis,  the  level  of  safety 
factors  has  been  reduced  to  as  low  as  1.  3.  But  continued  reduction  of  "ig¬ 
norance  factors"  in  the  field  of  materials  as  a  whole  rests  squarely  upon 
our  efforts  in  basic,  fundamental  research. 

In  one  sense  our  spectacular  record  of  progress  in  technology  clouds 
the  fact  that  the  technological  explosion  now  taking  place  is  triggered  only 
by  new  scientific  knowledge  revealed  through  basic  research. 

Five  years  ago,  almost  to  the  day,  launching  of  the  Soviet  satellite 
"Sputnik  I"  was  headlined  in  every  language  and  in  every  city  in  the  world 
in  which  newspapers  are  printed.  October  4,  1957  was  given  a  place  in 
the  history  books  of  our  grandchildren  as  the  beginning  of  the  Age  of  Space. 
Since  then  spectacular  achievements  in  manned  space  flight  and  in  the 
flight  of  interplanetary  probes  from  both  sides  of  the  iron  curtain  have 
rapidly  pushed  back  the  frontiers  of  space,  and  I  have  no  doubt  our  stated 
goal  of  manned  exploration  of  the  moon  will  take  place  within  the  decade 
of  the  60' s.  Technology  is  truly  exploding.  As  we  stand  at  mid-century 
we  should  be  thankful  for  the  privilege  of  living  in  an  age  when  man's  chal¬ 
lenges  and  opportunities  were  never  so  great.  We  stand  now  at  the  thresh¬ 
old  of  space,  in  one  of  the  true  turning  points  in  the  history  of  man,  when 
the  accumulated  knowledge  of  the  ages  presage  events  and  accomplishment 
yet  undreamed  of.  Victor  Hugo,  the  great  French  novelist,  once  wrote, 

"in  the  sweep  of  the  ages  there  come  times  when  events  constitute  the 
hinges  upon  which  the  centuries  swing.  "  We  are  privileged  to  live  in  one 
of  these  fateful  times,  and  how  we  face  this  challenge,  both  in  space  and 
here  on  earth,  may  well  shape  man's  course  in  future  centuries. 

Just  as  we  stand  on  this  threshold  of  space,  we  also  stand  on  the  verge 
of  all  that  science  and  technology  promise  for  the  future  here  on  earth. 
Modern  science  is  not  yet  500  years  old,  and  organized  technology  is  less 
than  half  of  that.  During  the  past  100  years,  just  a  small  fraction  of  man's 
recorded  history,  he  has  achieved  90%  of  his  technological  progress.  As 
evidence  of  the  youth  of  science  is  the  remarkable  fact  that  of  all  men  who 
have  ever  been  educated  and  trained  in  the  disciplines  of  science  and  tech¬ 
nology  the  world  over,  90%  of  them  are  alive  today.  Many  of  us  here  to¬ 
day  have  lived  through  and  experienced  the  results  of  many  milestones  in 
the  inexorable  advance  of  scientific  knowledge  and  its  technological  appli¬ 
cation.  The  oat  barrier  cracked  with  invention  of  steam  locomotion,  and 
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land  locomotion  made  a  quantum  jump  from  the  35  mph  maximum  speed  of 
the  horse.  Orville  and  Wilbur  Wright  flew  their  first  plane  at  not  much 
greater  speed  at  the  turn  of  this  century,  and  just  a  few  years  later  we 
broke  the  sound  barrier.  A  man  named  Goddard  spent  his  afternoons  in 
his  backyard  in  Springfield,  Massachusetts,  in  the  early  1930's  horrendously 
disturbing  the  peace  launching  his  small  rockets.  Orbiting  satellites,  manned 
space  flights  and  multi-million  mile  interplanetary  probes  are  now  becom¬ 
ing  almost  daily  affairs.  At  the  same  time  Goddard  was  at  work,  Lise 
Meitner  and  Otto  Hahn  in  Germany  produced  the  first  fission  or  uranium 
atoms  on  earth,  and  just  a  few  years  later  World  War  II  ended  with  the 
Nagasaki  and  Hiroshima  fission  bombs,  and  we  entered  the  nuclear  age. 

No  matter  where  we  look,  to  speed  of  locomotion,  on  land,  air,  and 
in  outer  space,  in  materials  research,  the  firepower  of  atomic  and  thermo¬ 
nuclear  bombs,  the  harnessing  of  nuclear  power  for  energy,  preventive 
medicine,  technology  is  truly  exploding,  reaching  milestone  after  milestone 
at  an  exponential  rate.  The  very  number  of  scientific  specialties  them¬ 
selves  seem  to  be  growing  at  a  similar  rate.  In  a  recently  published  cata¬ 
logue  of  existing  scientific  fields  more  than  1100  specialties  are  listed, 
ranging  from  acorology,  a  branch  of  zoology  that  deals  with  mites  and 
ticks,  to  zymurgy,  the  chemistry  of  fermentation  processes. 

But  we  must  pause  to  look  more  closely  at  the  true  source  of  this  tech¬ 
nological  explosion,  of  our  tremendous  success  in  applied  science,  in  de¬ 
velopmental  research  and  engineering.  This  source  is  the  mind  of  the  in¬ 
dividual  scientist  whose  ideas  are  the  foundation  upon  which  all  technology 
rests.  As  an  example,  let  us  look  for  a  moment  at  the  pure  research  which 
led  to  construction  of  the  first  nuclear  bomb. 

Among  these  contributions  were  those  of  Henri  Becquerel,  a  French¬ 
man,  who  first  discovered  the  phenomenon  of  radioactivity;  Niels  Bohr, 
a  Dane,  and  the  Bohr  model  of  the  atom;  Louis  de  Broglie,  a  Frenchman, 
the  founder  of  modern  wave  mechanics,  Werner  Heissenberg,  a  German, 
with  his  elaborate  matrix  mechanics;  Albert  Einstein,  a  German,  and  the 
mass-energy  relationship;  Max  Planck,  a  German,  and  the  quantum  theory; 
Pierre  and  Marie  Curie  in  France  and  their  researches  in  radium;  Lord 
Rutherford,  in  England  and  the  identification  of  alpha,  beta  and  gamma 
rays;  Robert  Millikan,  an  American,  and  his  classic  oil-drop  experiment 
with  which  he  measured  the  charge  on  a  single  electron;  F.  W.  Aston,  an 
Englishman  and  the  mass  spectrograph;  C.  T.  R.  Wilson,  an  Englishman, 
who  developed  the  Wilson  Cloud  Chamber  for  observing  the  tracks  of  high 
speed  particles;  P.  M.  S.  Blackett,  an  Englishman,  who  photographed  the 
nrst  artificial  transmutation  of  an  element;  Sir  James  Chadwick,  an  English¬ 
man,  who  proved  the  existence  of  the  neutron;  and  finally  Lise  Meitner  and 
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Otto  Hahn  of  Germany  who  succeeded  in  splitting  an  atom  of  uranium,  thus 
producing  the  first  nuclear  fission. 

From  this  point  on,  the  making  of  a  nuclear  bomb  was  largely  a  tech¬ 
nological  problem,  a  now  familiar  story.  The  world  first  heard  the  word 
"fission"  in  August  1945  when  Mr.  Churchill  released  the  story  of  the 
Hiroshima  atomic  bomb.  With  the  release  of  the  Smythe  Report  the  story 
was  told.  But  that  does  not  bring  the  story  quite  up  to  date.  A  fission 
bomb  can  be  made  only  so  big  and  no  bigger  than  the  critical  mass  or  it 
will  blow  itself  up  while  being  made.  The  trick  is  to  make  a  ball  of  uran¬ 
ium  isotopes  just  slightly  smaller  than  the  critical  mass  -  then  by  squeez¬ 
ing  it  under  the  implosion  of  TNT,  like  squeezing  a  sponge-rubber  ball, 
its  density  is  increased  and  surface  escape  area  reduced  enough  to  trap 
the  neutrons  and  make  it  explode.  Hence  it  is  impossible  to  build  a  fis¬ 
sion  bomb  more  than  several  times  as  powerful  as  the  Hiroshima  weapon. 
However,  pure  scientists  had  not  been  idle. 

In  1938  an  astrophysicist,  Hans  Bethe,  at  Cornell  University,  showed 
how  energy  radiated  by  the  sun  comes  from  the  buring  of  hydrogen  atoms 
into  helium,  a  process  he  called  the  "carbon  cycle".  Two  very  light  atoms 
can  fuse  together  into  a  heavier  one  with  loss  of  weight,  according  to 
Einstein's  mass-energy  relation,  just  as  one  extremely  heavy  atom  can 
split  into  two  lighter  ones  with  loss  of  weight.  But  the  two  hydrogen  atoms 
have  to  be  subjected  to  the  tremendous  heat  of  the  central  regions  of  the 
sun  before  they  can  be  made  to  fuse  together.  And  in  "Operation  Green¬ 
house"  on  Eniwetok  in  1952,  Norris  Bradbury,  Edward  Teller  and  others 
made  enough  heat  with  an  ordinary  atomic  fission  explosion  to  burn  a  con¬ 
tainer  of  hydrogen  isotopes  into  helium  for  the  first  time  on  earth.  Two 
years  later,  the  March  1,  1954,  shot  at  Bikini  was  the  first  man-made 
thermonuclear  explosion.  The  literally  world- shattering  significance  of 
this  thermonuclear  bomb,  whose  hydrogen  atoms  won't  fuse  at  normal 
temperatures,  is  the  absence  of  critical  mass.  Moreover,  there  are 
enough  of  the  proper  hydrogen  isotopes  in  sea  water  to  make  a  pound  of 
heavy  water  sell  for  about  twenty-eight  dollars,  or  more  bang  for  your  buck. 

The  impact  of  these  developments  upon  our  concept  of  war  as  a  means 
of  dealing  with  international  problems  constitutes  a  subject  in  itself.  And, 
we  can  well  search  the  writing  of  Clausewitz,  Mahan,  Douhet  and  MacKinder, 
for  an  age  without  precedent  has  real  need  for  military  guidance.  Wars 
of  the  past  have  been  fought  for  land,  for  wealth,  for  ideals,  for  blondes 
and  brunettes  for  that  matter.  But  wars  of  the  future  will  be  fought  for 
none  of  these  things  primarily.  The  real  war  of  today  and  tomorrow  is 
the  war  of  men's  minds.  What  are  our  chances  of  survival?  How  are  we 
doing  in  the  race  to  train  American  minds  to  win  the  thinking  war  -  the 


77 


war  of  pure  science,  of  fundamental  research? 

A  brief  review  of  the  state  of  science  and  technology  in  America  may 
point  to  the  answer.  By  science  I  mean  what  is  usually  called  fundamental 
research:  the  free,  uncharted  probing  into  the  unknown  merely  for  the 
satisfaction  of  curiosity  and  the  accumulation  of  knowledge,  the  develop¬ 
ment  of  basic  scientific  innovations  from  which  technology  springs.  By 
technology  I  mean  applied  science,  developmental  or  goal-oriented  research, 
engineering,  the  systematic  use  of  primary  scientific  knowledge  for  a 
purpose. 

It  has  long  been  accepted  that  the  United  States  has  made  a  far  greater 
contribution  to  the  development  of  technology  than  any  other  nation  in  his¬ 
tory.  No  other  nation  approaches  us.  Our  closest  competitor,  the  Soviet 
Union,  has  approximated  only  one-third  of  our  technological  advances  as 
measured  by  relative  productive  capacity  today.  It  is  no  mere  whim  of  th* 
European  that  has  led  him  so  often  to  characterize  America  as  a  nation  o' 
gadgeteers. 

In  contrast,  our  contributions  to  pure  science  have  been  far  less  im¬ 
pressive.  You  may  remember  that  in  our  earlier  review  of  the  ideas,  the 
theories  that  led  to  the  development  of  nuclear  energy  only  one  American 
was  mentioned.  Americans  tend  to  honor  structure  over  design,  the  gadget 
more  than  the  theory.  Yet  in  the  age  of  slow  neutrons,  radioisotopes,  and 
nuclear  fission,  world  girdling  manned  space  flight  and  interplanetary  probes, 
the  nation  which  excels  in  pure  science  may  well  control  the  world. 

There  are  reasons  for  the  American  penchant  for  gadgeteering,  of 
course  many  of  them  fairly  obvious.  We  have  had  at  our  disposal  a  vast 
geographic  expanse  containing  an  enormous  wealth  of  natural  resources. 

After  three  hundred  years,  great  areas  of  our  country  still  remain  sparsely 
populated.  We  have  always  had  room  to  move,  resources  to  draw  on.  We 
have  always  been  faced  with  the  challenge  to  build  -  the  challenge  of  engin¬ 
eering.  We  have  been  fortunate  inheritors  of  the  pragmatic  spirit  which 
brought  the  Pilgrims  to  our  country  and  sent  the  pioneers  across  the  west¬ 
ern  plains,  relying  on  their  common  sense  and  ingenuity  to  cut  a  living 
from  the  raw  and  rugged  continent  they  had  chosen.  Ingenuity  born  of 
necessity  has  led  us  inevitably  to  become  a  nation  of  gadgeteers.  Like  the 
Romans,  we  love  to  build  things.  We  are  the  greatest  skyscraper,  road 
and  bridge  builders  that  the  world  has  ever  known.  Today  we  continue  this 
tradition,  we  build  and  produce  empirically. 

Although  increasing  quantities  of  our  federal  budget  -  over  8  billion 
dollars  a  year  -  are  poured  into  research  and  development,  this  is  research 
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and  development  of  a  very  special  kind.  It  is  largely  developmental  re¬ 
search;  applied  science,  technology,  and  engineering.  Only  about  10%  of 
it  is  pure  research.  We  research  the  hell  out  of  everything,  but  we  con¬ 
template  very  little. 

In  the  past  this  has  been  in  many  ways  our  strength.  But  it  can  be 
very  strongly  argued  that  we  are  moving  into  a  different  age--an  age  when 
respect  for  ideas,  when  respect  for  the  basic  contemplation  of  nature  and 
society  for  the  simple  sake  of  seeking  truth  and  satisfying  curiosity  may 
be  much  more  necessary  than  we  have  previously  realized. 

It  is  a  telling  and  disturbing  fact  that  a  similar  situation  does  not  exist 
in  Soviet  Russia.  To  compare  the  number  of  higher  education  graduates  in 
engineering  and  science  since  the  end  of  World  War  II  and  projected  to  1970 
is  frightening  not  only  on  the  basis  of  their  superiority  in  number  alone, 
but  that  probably  about  20%  of  Russian  graduates  are  fundamental  research¬ 
ers:  pure  physicists,  mathematicians,  chemists,  and  the  like.  In  1959,  the 
Soviets  graduated  some  106,  000  in  engineering  compared  to  our  40,  000,  and 
about  15  percent  of  these  Soviet  graduates  were  from  correspondence  ex¬ 
tension  courses.  In  addition  to  this  output  of  engineering  graduates,  a  great 
number  of  technicians  are  graduated  yearly  from  their  rapidly  expanding 
system  of  two-year  colleges,  or  junior  colleges,  called  technicums.  Ac¬ 
cording  to  a  recent  report  from  the  Soviet  news  agency,  Tass,  a  total  of 
404,  000  scientists  are  now  at  work  in  the  Soviet  Union  -  40  times  as  many 
as  there  were  under  Czarist  rule. 

Perhaps  the  Russians  are  wrong  in  such  a  concentration  of  national 
effort  in  science.  If  they  are  wrong,  they  will  have  an  overabundance  of 
scientists.  If  we  are  wrong  in  developing  too  few  scientists  and  high  qual¬ 
ity  engineers,  it  may  cost  us  our  survival  as  a  nation.  It  is  hard  to  avoid 
the  conclusion  that  the  Federal  government,  industry,  private  foundations 
and  each  of  us  as  individuals  must  come  squarely  to  grips  with  this  problem. 

Some  sort  of  incentive  must  be  supplied  to  the  young  scientist  to  make 
a  rewarding  future  in  the  laboratories  of  fundamental  research.  Tragically 
in  our  country  the  road  to  economic  success  and  the  presidencies  of  corpor¬ 
ations  leads  not  through  the  laboratory.  A  mathematician  to  be  economic¬ 
ally  successful  by  American  standards  must  forget  mathematics,  learn  to 
sell  soap,  buy  a  house  near  the  country  club  and  drive  two  cars.  Other¬ 
wise,  he  is  a  square,  a  queer  sort  of  non-conformist  whom  "normal" 
Americans  may  secr  etly  suspect  of  odd  and  strange  tendencies. 

T  Soviet  Ri  ssia  a  young  man  or  woman  who  attains  distinction  over 
intent  n  pcti 'ion  in  mathematics  or  science  automatically  becomes  a 
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nu  mber  of  the  n iinoniic  ami  social  elite.  Concessions  by  the  State,  fringe 
benefits  ami  incentive  awards  place  him  in  a  kind  of  socialist  aristocracy 
where  he  maintains  his  place  by  his  mental  fertility  -  his  production  of 
ideas . 


We  as  scientists  and  engineers  can  help  improve  the  lot  of  our  meager 
and  devoted  corps  of  career  thinkers  in  America  by  understanding  and 
apprei  i.iting  them  and  by  applying  the  fruits  of  their  contemplation  to  our 
own  fields  of  technological  development.  We  can  encourage  them,  but  we 
can't  provide  the  broad  economic  challenge  of  the  nuclear  and  space  age  - 
the  challenge  to  think. 


STUDY  OK  SHOCK  AND  VIBRATION  EFFECTS  ON  VEHICLES 
THROUGH  DYNAMIC  SIMULATIONS 

F.  1J r ,idk o  : ,  S,  I leal and  V,  Kowachek* ** *** 


A13STR ACT 

This  paper  introduces  a  series  of  integrated  research  programs  con¬ 
cerned  with  analytical  and  experimental  investigation  of  vehicle  reactions 
to  impact  forces.  The  program  presents:  (1)  equations  of  vehicle  dynamics, 
(3)  techniques  for  generating  random  terrain  profiles,  (3)  a  unique  mo¬ 
tion  Simulator  and,  (4)  a  "three  screen"  visual  display  system.  The  Sim¬ 
ulator  described  is  a  high  amplitude  device  that  is  capable  of  producing 
random  motions  of  bounce,  pitch,  roll  and  yaw. 

The  paper  summ;iri/.es  research  results  and  concludes  that  the  work 
has  led  to  a  substantial  improvement  towards  analytical  and  physical  un¬ 
derstanding  of  vehicle  behavior.  Mathematical  models  are  presented  with 
significant  comparisons  made  between  computer  studies  and  experimental 
e  vidence . 


The  design  of  military  vehicles  is  a  rather  complicated  mixture  of 
many  technical  activities.  In  each  new  development  of  a  tank,  truck  or 
jeep,  a  substantial  amount  of  engineering  ideas  are  required  to  be  blended 
together  to  bring  forward  vehicles  possessing  features  and  merit  of  ad¬ 
vanced  capability. 

While  each  development  is  a  separate  and  distinct  program,  there  are 
development  goals  and  problems  that  continually  reappear  and  appear  to  be 
common.  For  example,  it  is  always  important  to  create  a  good  suspension 
system  and  it  is  equally  important  to  provide  a  dynamically  stable  vehicle. 

The  Suspension  System  is  vital  for  it  determines  the  vehicle  ride  and 
vibration  behavior  and  it  also  establishes  the  tolerable  speed  limit  of  tra¬ 
vel  over  various  terrain  surfaces,  both  of  the  man  and  the  machine. 


*  Mr.  F.  Pradko,  Ch,  Dynamic  Simulations  Laboratory,  Army  Tank- 
Automotive  Center,  Detroit  Arsenal,  Centerline,  Michigan. 

**  Mr.  S.  Heal,  Electrical  Engineer,  Army  Tank- Automotive  Center 

Mr.  V.  Kowachek,  Mechanical  Engineer,  Army  Tank- Automotive 
Cenle  r 
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Vclm  !<■  stain  1 1 1 v  is  .i  design  area  th.it  also  rrccivcs  considerable 
attention,  partu  ularlv  in  combat  vehicle  programs  where  large  caliber 
weapons  are  expected  to  be  fired  from  chassis  of  reduced  weight  and  de¬ 
creased  si/.e.  Within  military  circles  reference  to  vehicle  stability  dif- 
lers  from  the  usual  automotive  connotation.  In  place  of  steering  behav¬ 
ior  or  direition.il  control  vehicle  stability  pertains  to  pitch  and  roll  move 
mcnt,  resulting  Irom  the  gun  recoil  torces. 

These  two  elements  of  vehicle  design  can  be  considered  as  peren¬ 
nials.  They  are  always  around  and  unfortunately  they  are  rather  "tough 
nuts’  to  handle.  Individually  they  present  major  stumbling  blocks  to  de¬ 
sign  engineers.  Normally,  useful  study  of  these  problems  is  beyond  the 
level  of  developing  a  new  layout  or  "cranking"  through  several  equations 
on  a  desk  calculator.  As  a  result,  the  magnitude  of  each  task  has  pro¬ 
duced  design  specialists.  These  people,  however,  are  not  medicine  men 
who  consistently  are  able  to  generate  successful  answers.  They  need  help; 
they  need  either  physical  or  analytical  means  to  guide  and  measure  their 
design  approaches.  Consequently,  knowledge  of  these  systems  must  be 
consistently  bolstered  and  expanded.  This  demand  requires  unique  capa¬ 
bility: 


First,  since  all  wheeled  and  tracked  vehicles  are  earth  bound, 
knowledge  of  road  profiles  or  terrain  contours  upon  which  they  move  must 
be  secured. 


Next,  detailed  mathematical  models  are  necessary  that  des¬ 
cribe  the  vehicle  and  how  it  reacts  to  external  disturbances  or  internal 
design  changes. 

Then,  an  accurate  recording  procedure  is  essential  to  trans¬ 
mit  results  from  high  speed  computers  in  such  format  that  their  meaning 
may  be  assessed  graphically,  visually  or  physically. 

The  benefits  of  integrating  these  steps  would  be  a  complete  capa¬ 
bility  for  realistic  design  evaluation  comparable  to  controlled  tests  at  a 
proving  ground. 

Accordingly,  the  Army  Tank- Automotive  Command  sought  such  a 
means  to  physically  simulate  the  suspension  performance  and  stability 
dynamics  of  a  design  while  it  was  still  in  the  blue-print  stage,  and  to 
bring  together  the  theory,  mathematics  and  computer  machinery  to  study 
each  of  these  problems  indoors  in  the  laboratory.  It  was  also  the  feeling 
that  if  this  program  was  to  be  successful,  it  must  produce  the  ability  to 
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p’vdu  t  brhav.iT  and  allow  practicing  engineers  tin:  opportunity  to  pre¬ 
test  tlicir  designs  hr  fore  commitment  to  fabricate  expensive  wood  mock- 
ups,  experimental  test  rigs  or  eng  1  nee ri ng  prototypes. 

Suspension  Si  inula  lion: 

Simulation  of  vehicle  suspension  systems  is  basically  the  task  of 
predicting  the  motion  response  of  the  vehicle  to  disturbances  from  the 
road.  A  thorough  understanding  of  the  elements  that  constitute  this  sys¬ 
tem  and  their  interrelationship  is  essential  to  such  study.  Beginning  with 
the  road  is  perhaps  logically  the  first  step.  The  basic  requirement  is  to 
present  to  the  wheels,  springs,  and  shock  absorbers,  the  vertical  dis¬ 
placement  and  frequency  identical  to  those  existing  in  road  or  terrain  sur¬ 
faces.  For  this  purpose  it  is  possible  to  construct  a  computer  model  of 
a  road  profile  using  either  digital  or  analog  computer  techniques.  The 
basic  data  profile  information  may  be  secured  by  conventional  rod  and 
transit  means  or  automatic  measuring  instruments. 

In  real  life  the  road  is  a  stationary  wave  form  over  which  the  ve¬ 
hicle  travels.  The  relationship  between  car  velocity  and  the  static  road 
generates  the  suspension  dynamics. 

In  a  computer  simulation  the  vehicle's  forward  movement  cannot 
be  faithfully  reproduced.  To  conveniently  maintain  an  order  of  reality 
the  road  is  moved  instead.  The  road  profile  is  presented  to  the  suspen¬ 
sion  components,  as  a  continuous  rearward  velocity  that  normally  would 
be  road  speed. 

To  accurately  duplicate  the  physical  case  the  road  is  presented  to 
each  wheel  separately,  properly  phased  so  that  the  rear  wheels  "see"  the 
same  road  irregularities  as  the  front  wheels,  although  at  a  later  time. 
This  phasing  is  governed  by  the  wheel  base  and  vehicle  speed. 

One  successful  procedure  of  road  profile  generation  utilizes  a 
digital  computer  and  a  digital- to- analog  converter.  The  digital  machine 
stores  the  road  profile  data  in  elevation  increments.  It  selects  the  ele¬ 
vation  that  each  wheel  requires  at  a  particular  time  and  generates  the 
time  between  elevations. 

Several  preliminary  considerations  which  must  be  resolved  be¬ 
fore  the  construction  of  such  a  digital  road  function  include: 

1.  The  number  of  vehicle  wheels. 

Z,  The  spacing  between  wheels. 


3.  The  starting  road  level. 

4.  The  number  of  computer  cells  per  road  increment. 

5.  Overall  length  of  the  road  profile. 

The  time  at  which  a  particular  point  on  the  road  will  arrive  at  each 
wheel  is  determined  by  the  wheel  spacing.  This  spacing  is  also  considered 
in  deciding  how  many  elevation  values  will  be  equivalent  to  one  linear  foot 
of  road.  The  following  example  will  illustrate  these  points. 

A  vehicle  suspension  is  set  up  on  the  analog  computer;  this  simula¬ 
tion  is  for  one  side  of  the  vehicle  only,  it  being  assumed  that  the  other  side 
is  identical.  The  vehicle  has  four  wheels  on  a  sub,  spaced  two  feel  apart. 

It  will  be  driven  over  a  Belgian  Block  type  road.  The  road  consists  of  307 
elevations  spaced  one  foot  apart.  These  things  being  known,  it  is  possible 
to  set  up  a  scheme  for  generating  the  road  function  which  will  pass  under 
each  wheel  in  sequence.  To  rerun  the  road  after  once  traversing  it,  a 
starting  road  level  must  be  assumed,  usually  the  initial  starting  elevation, 
or  very  near  to  it.  For  the  conditions  just  outlined  a  situation  similar  to 
that  shown  in  Figure  1  will  exist. 


Preliminary  assumptions: 


1.  Vehicle  is  sitting  on  road  level. 

2.  Start  of  road  strikes  1st  wheel 

3.  One  computer  word  =  1  linear  ft 


BEGINNING 
OF  RUN 


WHEEL 

WHEEL 

WHEEL 

WHEEL 


RESUME 


FIG.  1  ROAD  PROFILE 

The  easiest  scheme  in  this  case  is  to  let  one  foot  of  road  be  rep¬ 
resented  by  one  computer  word.  However,  if  the  spacing  between  wheels 
is  uneven,  a  scheme  utilizing  several  words  to  the  linear  foot  would  be  re¬ 
quired. 


After  the  preliminary  road  function  details  have  been  accounted  for, 
the  actual  generation  of  the  road  function  can  be  undertaken.  This  naturally 
divides  into  the  following  steps: 

1.  Preparation  of  the  data  tape. 

2.  Place  road  level  data  in  computer  memory. 

3.  Generation  of  the  road  function  tape. 

4.  Transfer  of  the  road  function  data  to  the  digital- to- analog 
converter,  etc. 

Each  computer  "word"  of  information  contains  five  channels,  four 
of  which  are  used  for  terrain  simulation.  Each  of  these  channels  can  rep¬ 
resent  data.  An  algebraic  representation  of  such  a  word  is  1  aa  bb  cc  dd 
00,  where  each  pair  of  letters  represents  one  channel  in  the  output  of  the 
Digital- Analog  conversion  system,  while  the  number  (1)  in  the  sign  position 
designates  a  particular  group  of  D-A  Converters,  (Note  that  since  the  last 
channel  is  not  used  it  is  represented  by  00,  i.e.  no  information  present). 
With  proper  scaling  and  programming,  each  channel  can  become  a  road- 
profile-wheel-terrain- function-generator  (RPWTFG),  Hence,  there  are 


four  RPWTFG's  per  computer  word. 


The  time  between  data  increments  on  the  computer  is  generated 
by  using  a  time  control  subroutine  which  increases  or  decreases  the 
time  between  "calling  up"  the  data  increments.  The  speed  of  the  road 
function  is  determined  from  the  recorder  tracings  as  follows: 

mph  =  actual  length  of  road  (ft)  x  paper  speed  /mm  \  x  30  mph _ 

length  of  converted  road  (mm)  'sec.'  44  ft/ sec 

I 

By  this  procedure  vehicle  road  speed  is  established.  Maximum  road 
speed  is  only  limited  by  the  computers  ability  to  call  up  data.  Utiliza¬ 
tion  of  the  time  delay  subroutine  within  the  computer  facilitates  decreasing 
the  speed.  Also,  greater  speed  can  be  attained  by  shortening  the  road,  * 

i.e.  picking  up  every  second  or  third  road  elevation.  Oscillograph  record¬ 
ings,  as  generated  by  this  sytem,  are  illustrated  in  Figure  2. 
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FIG.  2  ROAD  PROFILE 

A  magnetic  tape  recorder  and  reproducer  add  convenience  and 
efficiency  to  the  system.  By  recording  successive  speeds  on  magnetic 
tape,  the  digital  computer  is  used  only  once  for  a  particular  vehicle.  In 
addition,  velocity  multiplication  may  be  obtained  by  recording  at  one 
speed  and  reproducing  at  higher  speeds. 
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Tims,  any  terrain  that  can  be;  numerically  described  as  incre¬ 
ments  of  elevation  with  respect  to  horizontal  distance,  can  be  simulated 
with  a  digital  computer  for  the  analysis  of  vehicle  behavior. 

With  the  road  prepared  the  simulation  requires  a  model  of  the 
suspension  system.  For  this  purpose  the  Analog  computer  is  best  suited. 
g  The  computer,  as  used,  provides  an  accurate  representation  of  the  de¬ 

sign.  In  a  true  sense  the  computer  is  an  electronic  model  of  the  vehicle. 
The  degree  of  realism  achieved  is  naturally  governed  by  the  quantity  of 
vehicle  characteristics  simulated. 

As  in  any  simulation,  the  system  is  first  described  by  a  mathema¬ 
tical  model.  The  equations  represent  the  dynamic  system  -  the  vehicle 
chassis,  the  suspension  system  and  the  road  surface  input. 

* 

Vehicular  vibration  components  include  the  masB  and  inertia  of 
the  sprung  components,  the  suspension  springs,  shock  absorbers,  road 
wheel  masses,  and  the  spring  and  damping  characteristics  of  the  wheel 
assembly. 

The  typical  method  of  describing  a  vehicle  to  be  simulated  is 
shown  in  Figure  3  and  Figure  4.  From  the  diagrams,  the  equations  of 
■*  motion  may  be  stated.  These  expressions  are  written  as  common  linear 

differential  equations  with  non-linear  coefficients. 


« 


FIG.  3  VEHICLE  CONFIGURATION 
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Non-linearities  in  the  simulation  exist  normally  due  to  non-linear 
spring  characteristics,  double  acting  shock  abosrbers,  and  the  fact  that 
wheels  may  leave  the  road  surface. 


1 - 


FIG.  4  VEHICLE  SCHEMATIC 


The  equations  result  from  linear  and  angular  counterparts  of 
Newton's  second  law  of  motion.  The  summation  of  the  vertical  forces 
on  the  chassis  equals  the  mass  of  the  chassis  times  its  vertical  accel¬ 
eration;  the  summation  of  the  torques  about  the  center  of  gravity  is  equal 
to  the  polar  moment  of  inertia  times  the  angular  acceleration  of  the  hull. 
The  forces  and  torques  result  from  relative  displacement  and  velocity  of 
the  springs  and  shock  absorbers  respectively.  For  example,  the  vertical 
force  of  the  front  wheel  spring  is  equal  to  the  spring  constant  (Kj)  times 
the  relative  displacement  between  the  wheel  and  the  chassis  just  above  the 
wheel.  Similarly,  the  torque  is  a  product  of  this  force  times  the  distance 
from  the  center  of  gravity.  The  shock  absorber  force  is  a  product  of  the 
damping  coefficient  and  the  relative  velocity  between  the  wheel  and  the 
chassis  above  the  wheel. 

Chassis,  pitch  and  bounce  equations  may  be  developed  using  these 
relationships.  Separate  differential  equations  are  written  to  describe  the 
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motion  of  each  wheel.  Auxiliary  liquations  are  written  to  relate  the  pitch 
motion  to  the  vertical  motion  so  that  the  displacement  and  velocity  of  the 
»  chassis  at  each  wheel  station  may  be  found. 

Each  wheel  of  the  vehicle  is  considered  a  separate  mass,  spring, 
and  damper  system  connected  to  the  ground  and  to  the  chassis,  the  link  to 
*  the  chassis  being  the  suspension  spring  and  shock  absorber.  The  force  ex¬ 

erted  on  the  wheel  by  the  ground  is  equal  to  a  product  of  the  wheel  rubber 
displacement  and  spring  constant.  This  force  can  have  only  one  sign  since 
the  ground  cannot  "pull”  down  on  the  wheel.  The  suspension  spring  force 
*  is  also  exerted  on  the  wheel. 


Simulation  Equations: 

Chassis  Vertical  Motion: 
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Chassis  Pitch  Motion: 

0  =  ^ T  (c.g.  Angular  Acceleration) 
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Vertical  Wheel  Motion: 
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Auxiliary  Chassis  Equations: 

Yl-4  =  Y0  +  i_4  SIN  0  YU4  =  Yq  +  U4  SIN  0 

The  non- linearities  are  best  described  in  graphical  form,  as  is 
shown  in  Figures  5  and  6. 


The  non-linear  suspension  springing  is  composed  of  two  linear 
segments,  the  one  of  lesser  slope  being  the  suspension  spring,  and  the 
other  the  bump  stop.  The  shock  absorber  non-linearity  is  shown  in 
Fig.  6,  which  has  four  linear  segments  simulating  different  rates  in  com¬ 
pression  and  expansion  with  blow-off  valves.  The  circuitry  for  creating 
»  the  significant  segments  of  a  suspension  simulation  are  shown  in  Figures 

7  -  11.  If  a  wheel  leaves  the  ground,  no  spring  force  can  exist  between 
the  ground  and  the  wheel.  To  provide  for  this  realistic  action,  a  diode 
representing  a  unidirectional  spring  force  is  put  in  series  with  the  wheel 
feedback  loop,  as  is  shown  in  the  wheel  circuit,  Figure  9. 
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fig.  9.  WHEEL  VELOCITY.  AND  DISPLACEMENT 
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Simulation  begins  when  the  electronic  version  of  a  road  and  sus¬ 
pension  system  are  brought  together.  Results  are  best  analyzed  using 
oscillographic  or  pen  recorder  output  devices.  Recorded  paper  tracings 
provide  an  excellent  permanent  record  for  lengthy  detailed  analysis.  The 
oscillograph  display  system  offers  an  opportunity  to  observe  the  simula¬ 
tion  visually  as  an  animated  presentation.  The  dynamics  of  a  complete 
vehicle  or  any  component  thereof  may  then  be  studied.  This  display  sys¬ 
tem  is  used  in  conjunction  with  the  analog  computer.  A  cathode- ray- tube 
is  used  to  convert  the  output  voltages  of  the  computer  into  a  direct  pictor¬ 
ial  representation.  Application  of  this  system  is  shown  in  Figure  12. 

The  series  of  photographs  describe  the  motion  of  a  tank  that  would  be 
seen  on  the  tube.  The  vehicle  is  shown  negotiating  at  successive  instances 
a  4"  x  4"  square  obstacle. 


VEHICLE  APPROACH¬ 
ING  OBSTACLE 


•HEEL  ONE  PASSING 
OVER  OBSTACLE 


WHEEL  TWO  PASSING 
OVER  OBSTACLE 


WHEEL  THREE  PASS¬ 
ING  OV  ER  OBSTACLE 


WHEEL  FOUR  PASS 
INGOVEROBSTACLE 


FIG.  12  VISUAL  DISPLAY  SYSTEM 


ThiB  visual  display  provides  a  quick  and  easy  method  of  conduct¬ 
ing  a  preliminary  analysis  of  new  suspensions.  It  is  also  a  good  means 
of  debugging  a  new  simulation  setup. 
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Simulator; 


Results  of  computer  simulations  may  also  be  studied  with  the  aid 
of  a  motion  simulator.  The  value  of  the  Simulator,  Figure  13,  lies  in 
its  ability  to  physically  reproduce  realistic  "ride  motion"  that  may  be  pre¬ 
dicted  by  a  computer  simulation.  Thus,  by  combining  computer  studies 
of  new  concepts  with  a  simulator  analysis,  design  merits  may  be  judged 
in  the  laboratory  by  engineers,  designers,  and  administrative  people 
before  a  design  is  considered  for  fabrication.  Each  individual  may  ride 
a  new  suspension  in  the  Simulator  and  personally  evaluate  his  area  of 
interest  firsthand. 

The  Simulator  described  below  is  a  four  degree  of  freedom  machine 
capable  of  providing  bounce,  pitch,  roll  and  yaw  motions. 


FIG.  13  SIMULATOR 

The  control  of  the  machine  is  optional.  The  Simulator  may  be 
controlled  from  an  instrument  panel  to  produce  either  sine,  square  or 
triangular  motions.  Random  motion  inputs  may  be  fed  directly  into  the 
Simulator  from  an  Analog  computer  simulation  or  by  reproducing  infor¬ 
mation  previously  recorded  on  magnetic  tape. 

This  machine  is  hydraulically  driven  and  electronically  con¬ 
trolled.  Each  of  the  four  motions  may  be  used  individually  or  simul¬ 
taneously. 
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Motion 

Max.  Tot.  Travel 

Max.  Frequency 

Accele  ration 

Bounce 

3  ft 

10  cps 

Z  g's 

Roll 

40  deg 

10  cps 

30  radians/ sec 

Pitch 

40  deg 

10  cps 

30  radians/ sec 

Y  aw 

Z0  deg 

3  cps 

15  radians/sec 

Perhaps  the  most  significant  claim  that  can  be  broadcast  for  the 
Simulator,  at  tins  time,  is  that  it  will  make  possible  performance  trials 
of  designs  prior  to  building  of  a  design.  In  some  instances  it  is  the  only 
economical  approach,  considering  time  and  cost,  particularly,  where  anew 
design  is  being  investigated  using  many  alternatives. 

The  creation  of  this  Simulator  provides  the  Army  Tank- Automotive 
Command  with  a  design  tool  that  has  been  sought  for  some  time.  The  need 
for  an  instrument  of  this  kind  has  been  in  continuous  demand  for  military  sus¬ 
pension  studies  and  other  shock  and  vibration  programs. 

The  immediate  response  to  the  Simulator  was  generally  favorable,  but 
reserved.  Comments  usually  indicated  that  the  vibratory  motions  were  good. 
However,  it  was  repeatedly  stated  that  the  laboratory  environment  around  the 
Simulator  degraded  the  intended  realism.  The  common  complaint  was  that 
the  "out  of  doors"  atmosphere  seemed  to  be  missing. 

To  compensate  for  this  a  visual  display  was  created  providing  a  160 
degree  field  of  view  horizontally  and  48  degrees  in  the  vertical  plane.  A  35mm 
motion  picture  format  was  used  to  produce  a  "three  screen"  presentation.  This 
method  was  selected,  based  upon  successful  tryouts  of  a  unique  projection  sys¬ 
tem  developed  and  tailored  to  the  Simulator. 

The  activity  scene  is  photographed  by  three  cameras  and  backprojected 
to  the  subject  in  the  Simulator  by  three  synchronized-interlocked  projectors. 
This  system  presents  to  the  observer  a  scene  that  compares  favorably  to  a 
view  from  within  a  moving  vehicle. 

Vehicle  Stability: 

The  Simulator  was  also  used  to  simulate  vehicle  firing  stability  dynam¬ 
ics.  The  starting  cue  for  this  program  was  very  forceably  observed  in  vehicles 
like  the  Self-Propelled  Artillery  Weapon,  M56. 

In  keeping  with  this  indicated  trend  of  big  guns  on  small  chassis  plat¬ 
forms  it  was  necessary  to  establish  with  greater  accuracy,  the  stability  of 
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'll'..'  characteristic  events  desc  ribing  lire  stability  were  analyzed  by 
charting  tbe  flow  ol  events  and  establishing  the  equations  of  motion. 


I'hjuutions  of  Motion: 


LONGITUDINAL  TRANSLATION:  GUN  FORCE  GROUND  FRICTIONAL 
FORCE  =  MASS  X  ACCELERATION  Fgx  T  Ffx  =  m  (x-y  -f-  zOy) 

LATERAL  TRANSLATION:  GUN  FORCE  -+  GROUND  FRICTIONAL 
FORCE  =  MASS  X  ACCELERATION  Fgy  -f  Ffy  =  m  (y-z6x+x0x) 


BOUNCE:  GUN  FORCE  -  SPRUNG  WEIGHT  SUSPENSION  FORCES  = 

MASS  X  ACCELERATION  Fgz  -  Wsczz-f  Nj  =  m  (z-x6  -f-yOJ 

i  =  1  * 


ROLL:  GUN  MOMENTA  GROUND  FRICTIONAL  MOMENT  -f  SUSPEN- 
SIONAL  MOMENT  =  ANGULAR  ACCELERATION  X  MOMENT  OF  IN¬ 


ERTIA  -zFKy+  yFKZ+  (z  +Z0)  F(y£yY  + 


NiYi 


°zlxz 


Mx 


dz  "  ^y  )  wyyz  "  ^x/.^x  \ 


PITCH:  GUN  MOMENT  -  GROUND  FRICTIONAL  MOMENT  -  SUSPEN- 
SIONAL  MOMENT  -  ANGULAR  ACCELERATION  X  MOMENT  OF  IN- 
ERTIA  -  ;fb/  +  ZFbx  -  (,  +  F(xcxX  -fc  NjXj  .  QyIy-f 


l[x  -  y  +  (H  -  U?  | 


YAW:  GUN  MOMENT  GROUND  FRICTIONAL  MOMENTS  =  ANGULAR 

ACCELERATION  X  MOMENT  OF  INERTIA  -yFgx+  xFgy 

xi^fiy  cyY  "  ft  ’  yi  ~  -  ®x^xz  “f 

i  -  1 

(W  -  lx)  «x«y+  IxzVz 

The  derived  statements  were  for  weapon  systems  free  to  move  in  three 
degrees  of  angular  freedom  -  roll,  pitch  and  yaw;  and  three  degrees  of  trans¬ 
lational  freedom  -  fore  and  aft  movement,  bounce,  and  lateral  slip.  The  equa¬ 
tions  define  vehicle  motion  as  effected  by  interrelated  factors  of  gun  firing 
force,  gravity,  terrain  influence,  and  the  resisting  forces  of  the  suspension. 
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FIG.  16  VEHICLE  SCHEMATIC 


VfHICUE  FIRING  STABILITY  FLOW  DIAGRAM 


FIG.  17  FLOW  DIAGRAM 


Tin;  dynamics  of  firing  stability  arc  calculated  on  a  digital  computer. 
Winn  this  program  is  used  in  conjunction  with  the  Simulator,  the  results  are 
stored  in  computer  memory.  The  physical  arrangement  of  the  Simulator 
permits  the  occupant  to  fire  any  weapon  by  merely  pulling  the  usual  trigger. 
The  command  to  fire  is  completely  controlled  by  the  man  in  the  seat. 

The  inputs  to  this  problem  consist  of  various  vehicle  measurements, 

«  weights,  moments  of  inertia,  gun  recoil  force,  type  of  soil,  and  type  of  sus¬ 

pension  (active  or  locked-out).  The  output  consists  of  detailed  information 
in  tabular  or  graph  form  showing  angular  and  translational  disturbances  and 
their  respective  displacements,  velocities,  and  accelerations  with  respect 
f  to  time.  This  information  describing  gun  firing  force  impact  on  the  vehicle 

and  resultant  vibrations  is  available  for  the  C.G.  of  the  vehicle  with  refer¬ 
ence  to  earth-fixed  axes  and  for  any  other  point  on  or  within  the  vehicle, 
such  as  gun  muzzle,  engine  mounts  and  crew  stations  with  reference  to  the 
0  vehicle  axes. 


Summary: 


The  combination  of  computers  and  simulation  techniques  at  the  Army 
Tank- Automotive  Command  has  provided  an  effective  and  versatile  designer's 
tool.  Informative  preliminary  studies  have  been  conducted  of  new  suspension 
systems  and  stability  characteristics,  without  the  use  of  hardware  units  of 
the  design.  Probes  of  unique  approaches  have  quickly  established  design 
direction  and  payoff  areas. 


SUSPENSION  NOMENCLATURE 


Yq  =  Vertical  acceleration  of  the  center  of  gravity. 

Y  =  Vertical  velocity  of  C.G. 

Y  =  Vertical  displacement  of  C.  G. 

8  =  Pitch  acceleration  about  C.  G. 

.  o 

=  Pitch  velocity  about  C.G. 

8  =  Pitch  displacement  at  C.  G, 

(^1  -  Ywl)  s  Relative  displacement  between  hull  and  wheel  at  wheel  1. 

•  • 

(Yj-  Ywl)  =  Relative  velocity  of  the  hull  and  wheel  at  wheel  1. 

(Ywi  "  al)  =  Relative  displacement  between  wheel  and  input  bump  at  wheel  1. 
J0  =  Pitch  Moment  of  Inertia. 

Mq  =  Sprung  mass. 

Mw  r.  Wheel  mass. 

1  =  Distance  from  wheel  centerline  to  C.  G. 

=  Suspension  spring  constant. 

D^_4  =  Shock  absorber  damping  constant. 

Kw  =  Spring  constant  of  road  wheel  rubber. 

*  Dw  =  Damping  constant  of  road  wheel  rubber. 

a^_4  =  Road  inputs  to  wheel  No.  1-4. 

Y^_4  -  Chassis  displacement, 
g  =  Acceleration  of  gravity 


103 


\  hi  I  ll('  LK  STAIULITY  NOMENCLATURE 


*■  x  -  Frictional  force. 

Wy  _  Sprung  weight. 

M  -  Sprung  mass. 

y,  /,  -  Position  of  trunnion  centerline. 
Av  -  Static  height  of  C.  G. 
n  -  Number  of  wheels, 
y,  x,  2  -  Translational  acceleration. 

^ x  -  Angular  acceleration. 

V  x  /.  -  Translational  velocity. 

Ux  Wy  -  Angular  velocity. 

T  =  Moment  of  Inertia 
K  -  Suspension  spring  constant, 

D  -  Shock  absorber  damping, 
a  =  Gun  azimuth, 
e  Gun  elevation. 
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Dr.  Hammer:  The  paper  is  now  up  for  discussion. 

Mr.  /.a roodny ,  URL,  APG:  In  the  mathematical  formulation  of  any  such 
thing,  it  seems  to  me  that  there  often  arises  a  need  to  simplify  the  math¬ 
ematics.  Did  you  use  simplifications  or  did  you  tackle  actual  non-linear 
problems  ? 

Mr.  Pradko:  We  attempted  to  make  the  problems  as  non-linear  as  pos¬ 
sible. 

Mr.  Whittlesey,  QM,  RfoK  Command,  Natick:  Will  the  facilities  shown 
by  you  be  available  to  others  in  the  military  who  design  vehicles? 

Mr.  Pradko:  Yes  sir.  For  Example,  we  have  just  recently  completed  a 
program  with  Redstone  Arsenal  and  the  Missile  people  from  General 
Dynamics  Corp. 

Dr.  Kumar:  How  many  variables  did  you  have  to  include  in  order  to 
specify  the  laboratory  characteristics  of  the  vehicle,  let's  say  for  a  four- 
wheel  vehicle? 

Mr.  Pradko:  For  a  four-wheel  vehicle  there  would  probably  be  about 
IS  pieces  of  data  that  go  into  the  simulation. 

Dr,  Kumar:  Is  this  essentially  a  spring  dashpot  arrangement? 

Mr.  Pradko:  Yes,  and  mass  distribution. 


ROLLED  ARMOR  STEEL  BRITTLE  FRACTURE 
TEMPERATURES  AND  DESIGN  SIGNIFICANCE 

Victor  H.  Pagano* 


ABSTRACT 

Determination  of  a  steel's  transition  temperature  can  provide  an 
invaluable  basis  for  assessing  whether  "safe  performance"  of  a  structure 
can  be  expected  in  service.  A  single  Charpy  V-notch  impact  test  will  not 
suffice  for  this  determination.  A  satisfactory  estimate  may  be  obtained 
from  a  complete  Charpy  V-notch  transition  curve;  this,  however,  requires 
considerable  cost  and  testing  for  adequate  interpretation  of  the  ductile  to 
brittle  transition  point. 

A  more  appropriate  test  for  determining  transition  temperature  is 
the  Naval  research  Laboratory  Drop  Weight  Test.  This  test,  introduced 
in  1954,  is  the  outgrowth  of  work  by  the  Navy  for  an  inexpensive  and  more 
expedient  laboratory  method  to  augment  the  established  explosion  bulge 
crack  starter  test.  Extensive  trials  have  shown  that  is  pro.vides  a  compar¬ 
able  means  of  identifying  that  temperature  at  which  a  given  steel  loses  its 
ability  to  deform  more  than  a  minute  amount  in  the  presence  of  a  sharp 
crack-like  defect.  This  temperature  has  been  defined  as  the  nil- ductility 
transition  (NDT)  temperature. 

An  evaluation  of  the  NDT  temperature  obtained  from  the  Navy  Drop 
Weight  Test,  and  its  comparison  with  the  critical  fracture  transition  tem¬ 
peratures  as  determined  by  the  explosion  bulge  crack  starter  test,  that  is, 
NDT,  FTP  (fracture  transition  plastic)  and  FTE  (fracture  transition  elas¬ 
tic),  has  led  to  design  concepts  by  which  the  relative  resistance  to  frac¬ 
ture  of  steels  can  be  predicted.  These  concepts  offer  an  economical  and 
practical  basis  for  materials  selection  in  service  applications  requiring 
assurance  of  protection  from  brittle  fracture. 

This  investigation  evaluates  the  brittle  fracture  integrity  of  a  high- 
strength,  armor  steel  employed  in  the  manufacture  of  light  combat  vehi¬ 
cles.  Transition  temperature  determinations  were  made  on  thirty-two 
heats  of  1/2"  thick  rolled  armor  steel  plate  of  two  chemical  compositions 
and  the  same  specification  hardness  range.  The  variation  in  Drop  Weight 
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Test  NDT  temperatures  tor  the  different  heats  of  Mn-Cr-Mo  armor  was 
-S0°F  tu  -I10°F  and  -H0°F  to  -130°F  for  Mn-Mo  armor.  Also,  FTE  and 
FTP  temperature  values  were  obtained  from  limited  crack  starter  explo¬ 
sion  bulge  tests,  and  used  to  interpret  the  safe  operating  temperature  for 
anticipated  service  stressing  of  the  armor  structure.  From  an  interpre¬ 
tation  of  all  three  transition  temperatures,  the  steels  investigated  can  be 
expected  to  perform  safely  under  nominal  elastic  loads  in  the  presence  of 
notches  down  to  operating  temperatures  of  just  above  -90°F.  If  the  prob¬ 
ability  of  exposing  notch  sites  to  crack  initiating  (plastic)  loads  is  great, 
the  operating  temperature  of  the  armor  must  be  restricted  to  just  above 
-  30°F  to  safely  limit  cracking  within  deformed  metal  regions. 

INTRODUCTION 


The  susceptibility  of  medium  carbon,  high  hardness,  low  alloy  ar¬ 
mor  plate  to  brittle  fracture  in  the  presence  of  weld  cracks  has  been  a 
topic  of  much  discussion  in  terms  of  anticipated  loads  and  temperature  in 
service.  It  is  generally  acknowledged  that  three  conditions  are  necessary 
for  brittle  failure  to  occur;  a  notch  or  stress  raiser,  yield  point  stress 
developed  at  the  notch,  and  an  operating  temperature  below  the  ductile  to 
brittle  transition  temperature  of  the  material.  When  all  three  conditions 
are  present  brittle  fracture  occurs.  In  the  absence  of  one  or  more  con¬ 
ditions,  brittle  fracture  will  not  occur.  If  it  is  assumed  that  conditions  of 
stress  raiser  and  elastic  load  are  almost  always  present  or  unavoidable  in 
any  welded  armored  vehicle  structure,  then  determination  of  the  material's 
transition  temperature  is  required  to  interpret  whether  "safe  operating" 
performance  can  be  expected. 

Of  the  many  methods  for  transition  temperature  determination,  the 
oldest  and  probably  most  widely  used  is  the  C  harpy  test.  Both  the  V-notch 
and  keyhole  Charpy  tests  are  currently  employed.  However,  of  the  two, 
the  V-notch  test  is  now  used  almost  exclusively  in  research  studies,  and 
acc.petance  specifications  are  gradually  being  changed  to  reflect  only  V- 
notch  values.  Unfortunately,  use  of  the  Charpy  test  for  design  specifications 
is  limited  by  a  lack  of  service  correlation,  the  ultimate  requirement  of  the 
designer.  In  addition,  testing  involves  considerable  cost  and  interpretation 
for  establishing  the  ductile  to  brittle  transition  point.  A  more  appropriate 
approach  is  to  use  the  critical  fracture  transition  temperature  concept 
described  in  1952  by  Puzak,  et  al  ,  of  the  Naval  Research  Laboratory. 

In  this  concept,  three  points  on  the  temperature  scale  are  estab¬ 
lished  indicative  of  major  changes  in  steel  fracture  behavior  if  certain 
conditions  of  loading  arc  imposed.  Design  and  service  determine  the 
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conditions  of  loading,  while  notches  and  temperature  determine  the  re¬ 
sponse  of  the  steel  to  the  imposed  conditions.  These  temperatures  have 
been  described  as  follows: 

1.  NDT  (Nil-Ductility  Transition).  At  this  temperature  a 
given  steel  loses  its  ability  to  deform  more  than  a  minute  amount  in  the 
presence  of  a  sharp  crack-like  defect.  Operation  at  or  below  this  temper¬ 
ature  must  not  result  in  yield  stress  loading  at  crack  flaw  positions;  other¬ 
wise  brittle  fracture  will  occur.  In  other  words,  the  structure  must  be 
free  of  design  or  manufacturing  irregularities  capable  of  concentrating 
normal  elastic  loads  to  yield  point  values.  Above  this  temperature,  "forc¬ 
ing"  is  required  to  initiate  cracking. 

2.  FTE  (Fracture  Transition  for  Elastic  Loading).  Below  this 
temperature  propagation  of  brittle  cracking  can  occur  when  imposed  loads 
are  within  the  elastic  limits  of  the  material,  provided  a  "forced"  start  is 
obtained  (loading  capable  of  producing  a  small  amount  of  deformation  at 
position  of  crack  initiator).  Above  this  temperature,  brittle  cracking  is 
not  feasible  in  elastic  loaded  areas;  in  fact,  cracking  will  be  contained  in 
that  region  subjected  to  deformation  loads  only. 

3.  FTP  (Fracture  Transition  for  Plastic  Loading).  Below 
this  temperature  propagation  of  a  sharp  crack  will  be  limited  to  areas  sub¬ 
ject  to  deformation  stresses  during  loading.  Above  this  temperature, 
brittle  fracture  from  a  sharp  crack  source  will  not  occur,  even  though 
material  is  plastically  deformed  severely  by  high  over- stressing. 

The  temperature  intervals  between  the  NDT,  FTE,  and  FTP  transi¬ 
tion  temperatures  have  been  found  to  be  remarkably  similar  for  many  ma¬ 
terials^.  The  addition  of  30°  to  50°F  to  the  NDT  temperature  provides  an 
estimate  of  the  FTE  temperature.  The  addition  of  80°  to  120°F  will  give 
the  FTP  temperature.  Thus,  it  is  possible  to  predict  FTE  and  FTP  tem¬ 
peratures  by  applying  these  appropriate  rule  of  thumb  temperature  inter¬ 
vals  to  NDT  temperature  results. 

The  first  of  these  three  temperatures  may  be  determined  from  either 
of  two  brittle  fracture  tests;  the  crack-starter  explosion-bulge  test  or  the 
drop-weight  test.  Both  tests  evaluate  the  behavior  of  steel  in  the  presence 
of  an  "ultra- sharp"  crack  originated  during  testing  in  a  hard- surfacing  weld 
bead  previously  deposited  on  the  surface  of  the  specimen.  The  presence  of 
an  ultra- sharp  crack  was  selected  as  the  criterion  for  susceptibility  to 
brittle  fracture  on  the  basis  that  sharp  cracks  and  small  amounts  of  plastic 
deformation  at  positions  of  unfavorable  design  do  occur  in  large  welded 
structures. 
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The  explosion  bulge  test  was  the  first  of  two  crack  starter  tests 
developed  by  the  Navy.  It  was  used  in  early  studies  of  the  mechanical  and 
metallurgical  aspects  of  the  catastrophic  brittle  cracking  found  in  World 
War  II  welded  ship  plate.  The  test  involves  a  large  plate  specimen  loaded 
explosively  over  a  circular  die  cavity;  the  die  cavity  permits  the  formula¬ 
tion  of  a  rather  deep  circular  bulge  in  the  center  of  the  plate  specimen. 

By  virtue  of  the  varying  plastic  and  elastic  stresses  in  the  specimen,  ap¬ 
praisal  of  the  propagation  characteristics  of  the  steel  is  readily  accom¬ 
plished.  A  "flat"  multi-piece  break  (no  bulging)  of  test  plate  is  repre¬ 
sentative  of  the  material's  NDT  temperature.  When  plate  cracking  just 
enters  the  region  of  the  plate  supported  by  the  die  (elastically  stressed 
area),  the  plate  is  said  to  be  at  its  FTE  temperature.  The  temperature 
at  which  the  steel  shows  complete  refusal  to  propagate  cracks  emanating 
from  the  crack-starter  weld  bead  is  the  material's  FTP  temperature. 

The  identification  of  these  critical  fracture  transition  temperatures  has 
led  to  design  concepts  for  predicting  the  safe  performance  of  steel  with¬ 
out  brittle  fracture. 

Later,  another  method  of  loading,  using  a  relatively  small  test 
piece  containing  a  brittle  weld,  was  developed  for  laboratory  use  and 
termed  the  drop-weight  test.  In  this  test,  which  is  simpler  and  cheaper 
to  conduct,  only  NDT  temperature  is  determinable.  From  the  NDT  tem¬ 
perature,  however,  the  FTE  and  FTP  temperatures  can  be  predicted  by 
the  rule  of  thumb  adjustments  desc'  bed  earlier. 

Investigations  of  ship  plate  failures  have  established  brittle  frac¬ 
ture  temperature  correlations  between  explosion  crack- starter  test  re¬ 
sults  and  Bureau  of  Standards  Charpy  V-notch  data^.  As  a  result,  frac¬ 
ture  energy  data  from  the  Charpy  V-notch  impact  test  have  provided  sup¬ 
port  to  the  significance  of  material  performance  evaluations  by  drop 
weight  and  explosion  bulge  crack  starter  tests.  In  general,  the  NDT  tem¬ 
perature  corresponds  with  Charpy  V-notch  energies  found  in  the  vicinity 
of  the  knee  of  the  lower  shelf,  the  FTE  temperature  with  impact  energies 
found  in  the  lower  part  of  the  knee  of  the  upper  shelf  and  the  FTP  tempera¬ 
ture  with  energies  corresponding  to  those  of  the  upper  shelf. 

This  paper  provides  NDT  temperature  data  on  rolled  armor  steels 
obtained  from  the  drop  weight  test,  limited  data  on  need  for  reheat  treat¬ 
ment  to  nullify  the  influence  of  heat-affected  zone  (HAZ)  on  NDT  tempera¬ 
ture,  and  some  data  on  armor  fracture  behavior  by  the  crack- starter 
bulge  test.  An  interpretation  of  NDT  temperature  results  is  also  made  in 
terms  of  safe  operating  temperature  based  on  the  NDT,  FTE  and  FTP 
temperature  concepts  and  anticipated  service  stressing. 
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MATERIALS: 


Thirty-two  heats  of  l/Z  inch  thick,  c: ross- rolled,  quenched  and 
tempered  (341  to  188  Brinell),  medium-carbon  alloy  steel  (Spec.  MIL-A- 
IZ560)  from  four  different  steel  manufacturers  were  investigated.  The 
material  was  supplied  in  3  x  3  foot  plates  and  was  representative  of  two 
chemical  compositions- - Mn- Mo  and  Mn-Cr-Mo  analyses.  The  chemical 
compositions  of  the  steel  heats  are  shown  in  Table  1.  Twenty- five  of 
these  heats  were  heat-treated  by  the  steel  manufacturers.  Seven  of  these 
heats  (Nos.  ZO  through  Z6)  were  heat-treated  by  an  independent  steel  sup¬ 
plier  and  fabricator.  The  complete  heat-  treat  cycles  used  by  individual 
sources  to  develop  the  "as- received"  plate  properties  in  both  compositions 
are  described  in  Table  II. 

Standard  Charpy  V-notch  impact  specimens  from  each  heat  were 
machined  so  that  the  notch  was  perpendicular  to  the  plate  surface.  At 
least  two  specimens  were  tested  for  each  of  the  following  temperatures: 
room  temperature,  0°,  -Z0°,  -40°,  -60°,  -80°,  and  -100°F. 

Room  temperature  energy  absorption  values  of  ZO  to  31  foot-pounds 
were  obtained  for  all  transverse  Charpy  specimens  (Table  III).  If  only  the 
Mn-Cr-Mo  steels  (1  thru  Z6)  are  considered,  the  average  room  tempera¬ 
ture  energy  value  was  Z4  foot-  pounds  for  transverse  specimens.  An  in¬ 
sufficient  number  of  Mn-Mo  steels  was  tested  in  the  transverse  direction 
to  provide  a  valid  average.  However,  from  the  limited  data  obtained  for 
heats  produced  by  one  manufacturer  (Z7  thru  30)  the  upper- shelf  energy 
value  of  Mn-Mo  steels  for  the  transverse  direction  tends  to  be  lower  than 
the  Mn-Cr-Mo  analyses.  This  may  be  explained  by  the  differences  in  the 
extent  of  cross- rolling,  as  reflected  in  the  ratios  of  energy  values  of 
transverse  to  longitudinal  specimens.  Figures  1  and  Z  show  Charpy  V- 
notch  energy  versus  temperature  curves  for  both  longitudinal  and  trans¬ 
verse  directions  from  steels  1Z,  14,  18  and  Zl. 

SPECIMEN  PREPARATION  AND  TESTING: 

Drop  Weight  Crack  Starter  Tests 

Drop  weight  specimens  were  prepared  and  tested  (Fig.  3)  in  two 

ways  (non-standard  and  standard).  The  tests  reflect  some  features  of 

2  3  9 

early  Naval  Research  Laboratory  practices  ’  and  the  changes7  since 
that  time. 

The  non-standard  procedure^  used  during  initial  work  conducted 
between  1954  and  1956  employed  an  excessive  drop  load  and  inadequate 
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TABLE  II 


HEAT  TREATMENTS 


Tr7fFJBH|M 

HARDENING 

■i 

APPROXIMATE 

A  TEMPERATURE 

°3 

*t-Cr-Mo 

(a)  GL 

Water  quench 
from  .1  580°  F 
after  80  min¬ 
utes2. 

Air  cool  from 

900°  F  after 

81  minutes2. 

1525*  F 

(b)  808 

Water  quench 
from  1625°  P 
after  90  min¬ 
utes2. 

Water  quench 
from  925°  F 
after  30 
minutes. 

(a)  DB 

Water  quench 
from  1625°  F 
after  30  min¬ 
utes. 

Air  cool  from 

850°  F  after 

75  minutes. 

1420°  F 

(b)  DL 

Water  quench 
from  1625°  F 
after  30  min¬ 
utes. 

Air  cool  from 

850°  F  after 

75  minutes. 

(c)  OSS 

Water  quench 
from  1560°  F 
after  24  min¬ 
utes. 

Water  quench 
from  900°  F 
after  30  min¬ 
utes. 

(d)  JUL 

Water  quench 
from  1650°  F 
after  30  min¬ 
utes. 

Water  quench 
from  860°  F 
after  75  min¬ 
utes. 

Varies  within  25Q  F  compatible  with  as^uenohed 
hardness  (carbon  content)  and  allowable  hardness  range. 


2 

Heating  and  soaking  time 
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|-T  AXIS  horkai.  or  transverse  t*  primary  direction  or  rollino.  L  Axis  papaci/ec  or  longitudinal  to  primary 
direction  or  rolling.  2-Minimum  or  two  specimens  recorded  to  ncarest  0.3  rooT  pounds. 


TRANSITION  CURVES  FOR  STEELS  12  AND  14 


TEMPERATURE  (°F) 

FIGURE  2.  CHARPY  V-NOTCH  ENERGY  -  TEMPERATURE 
TRANSITION  CURVES  FOR  STEELS  18  AND  21 
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stop  distance  on  a  specimen  size:  of  1/2  x  i-5/8  x  14  inches.  The  crack 
starter  head  used  on  these:  specimens  was  prepared  utilizing  electrode 
supplied  under  "Class  A"  (48  Rc  minimum)  Specification  MIL-E-13865 
(Ord)  entitled  "Electrodes,  Welding,  Covered  Steel  (For  Hard  Surfacing)". 
The  head  was  welded  in  one  continuous  pass  rather  than  a  split  bead  made 
in  two  passes  having  overlapping  weld  craters  at  the  notch  center.  After 
welding,  the  hard-facing  heads  were  notched  so  that  the  root  of  the  notch 
was  0.  070  inches  above  the  plate  surface. 

Based  on  a  later  publication  by  the  Naval  Research  Laboratories 
and  their  normalization  procedures^  published  in  1959,  a  standard  retest 
effort  was  initiated  in  I960  specifying  both  the  recommended  specimen 
size  and  stop  distance  for  1/2  inch  plate;  2-inch  x  5-inch  at  an  anvil  stop 
distance  of  0.  090  inches,  and  the  old  specimen  size  of  3-5/8  x  14  inches 
with  an  adjusted  stop  distance  of  0.  5  inches.  Drop  weight  energies  were 
established  by  utilizing  the  hard- facing  bead  (same  specification  as  above) 
as  a  strain  gage  in  the  manner  outlined  by  Puzak  and  Babecki^  in  order  to 
establish  a  drop  weight  height  which  would  produce  both  specimen  contact 
with  the  anvil  stop  and  a  crack  opening  in  the  hard-facing  bead  of  12  to  18 
mils.  An  adequate  low  temperature  range  for  testing  specimens  was  ob¬ 
tained  through  the  use  of  liquid  nitrogen  and  alcohol.  Temperature  was 
measured  by  an  iron-constantan  thermocouple  and  box  potentiometer. 

Explosion  Crack  Starter  Bulge  Tests^ 


Fig.  4  shows  the  arrangement  of  equipment  for  this  test.  Twelve 
bulge  plate  specimens,  1/2  x  20  x  20  inches  were  prepared  from  steels  9, 

31  and  32.  In  the  center  of  each  plate  a  circular  crack  starter  was  made 
by  drilling  a  1/2  inch  hole  to  a  depth  of  one-half  the  plate  thickness  and 
then  filling  the  whole  with  hard-facing  weld-metal.  Each  explosicn  bulge 
plate  was  impacted  with  a  3  pound  bare  pentolite  charge  detonated  at  a  stand¬ 
off  distance  of  24  inches  over  a  20  inch  square  die  having  12  inch  diameter 
cavity.  The  charge  weight  and  standoff  distance  combination  was  experi¬ 
mentally  established  by  weld-metal  crack  initiation  and  a  desired  plate 
bulge  depth  of  3/4  to  1  inch.  An  inverted  cardboard  box  placed  over  the 
sample  and  die  was  used  to  support  the  explosive.  Testing  temperatures 
were  ambient,  20°,  0°,  -20°,  -40°  and  -60°F;  two  plates  being  tested 
at  each  temperature. 

RESULTS  AND  DISCUSSION 


Drop  Weight  Crack  Starter  Tests 


Nil-ductility  transition  temperatures  obtained  by  the  drop  weight 
test  are  shown  in  Table  IV;  also  presented  are  impact  energy  values  at 
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the  various  NDT  temperatures.  NDT  temperature  values  include  two  cor¬ 
rections.  The  first  is  a  minus  10°F  adjustment  for  differences  in  the  test 
procedure  used,  i.e.  non-standard  vs.  standard  procedure.  Since  all 
tests  were  not  made  by  the  non-standard  method,  the  correction  was  nec¬ 
essary  for  only  those  steels  whose  fracture  values  are  shown  in  paren¬ 
theses.  A  second  correction  of  plus  10°F  was  made  for  changes  in  ma¬ 
terial  behavior  caused  by  the  heat  affected  zone  from  welding  of  the  hard 
facing  crack  starter  bead.  This  correction  was  applied  to  all  NDT  tem¬ 
perature  results. 

The  temperature  change  due  to  the  influence  of  the  heat  affected 
zone  was  posed  as  an  important  test  consideration  by  Murphy,  et  al^; 
they  interject  this  as  a  critical  element  for  investigation  of  the  brittle  re¬ 
sponse  of  a  material.  Pellini  and  Puzak®  recommend  the  use  of  reheat 
treatment  for  those  materials  where  HAZ  hardnesses  would  be  less  than 
the  base  material;  otherwise  fictitously  low  values  for  NDT  temperature 
will  be  obtained.  The  use  of  reheat  treatment,  however,  introduces  two 
aspects  which  may  defeat  the  intended  goals  of  the  originally  developed 
drop  weight  test.  First,  the  use  of  reheat  treatment  could  very  well  pro¬ 
duce  base  metal  structures  significantly  different  from  the  original  "as- 
received"  material.  Second,  the  development  of  a  suitable  tempering 
cycle  to  reproduce  the  original  material  hardness  presents  a  time  consum¬ 
ing  "trial  and  error"  process.  Since  reheat  treatment  was  not  employed 
in  the  basic  test  work,  it  was  desired  to  learn  the  influence  of  reheat  treat¬ 
ment  on  the  NDT  temperature.  This  was  done  by  reheat  treating  an  entire 
group  of  2  x  5  inch  specimens  with  and  without  hard-facing  weld  beads. 
Afterwards  crack  starter  welds  were  placed  on  the  beadless  specimens. 
Therefore,  the  specimens  welded  prior  to  heat  treatment  did  not  contain 
a  heat-affected  zone.  This  procedure  gave  positive  assurance  that  an  iden¬ 
tical  base-metal  structure  and  hardness  were  developed  in  all  specimens. 
The  removal  of  HAZ  was  found  to  raise  the  NDT  temperature  by  10°F  for 
the  Mn-Cr-Mo  steels. 

An  average  NDT  temperature  of  approximately  -90°F  was  found  for 
all  Mn-Cr-Mo  steels,  including  those  heat  treated  by  a  source  other  than 
the  manufacturers  (20-26).  A  re-average  without  heats  20  thru  26  gives 
an  average  NDT  temperature  of  approximately  -80°F.  Therefore,  the  be¬ 
havior  of  all  Mn-Cr-Mo  heats  is  rather  consistent  when  grouped  accord- 
int  to  either  source  of  manufacture  or  by  heat  treatment.  It  is  interesting 
to  note  that  the  impact  energy  at  NDT  temperature  is  about  the  same  for 
these  steels. 

,  The  average  NDT  temperature  for  the  Mn-Mo  steels  (discounting 

hardness  variation)  is  approximately  -90°F.  The  Mn-Mo  steel  results 


120 


were  too  limited  to  compare  material  behavior  on  basis  of  manufacturer. 

The  impact  energies  at  NDT  temperature  for  the  Mn-Mo  steels  were  found 
to  be  lower  than  the  Mn-Cr-Mo  steels. 

In  the  drop  weight  tests  most  of  the  specimen  fractures  obtained  at 
or  below  the  NDT  temperature  revealed  smooth,  dull  gray  surfaces  indic¬ 
ative  of  fine  grained,  fully  heat  treated  steels. 

Explosion  Crack  Starter  Bulge  Tests 

Figures  5,  6  and  7  show  the  results  of  bulge  tests  on  steels  9,  31 
and  32.  These  tests  were  conducted  in  1956  at  Aberdeen  Proving  Ground, 
Aberdeen,  Maryland  coincident  with  the  first  drop  weight  tests.  The  per¬ 
formance  of  bulge  plates  at  the  same  test  temperature  was  not  very  uniform 
as  evidenced  by  differences  in  the  extent  of  cracking.  This  irregular  be¬ 
havior  was  attributed  to  the  circular  (plug-weld)  type  of  crack  starter.  The 
crack  initiation  and  propagation  response  from  such  a  crack  starter  would 
be  random  in  nature  and  this  could  create  some  differences  in  degree  and 
direction  of  cracking. 

A  flat  break  (complete  cracking  without  bulging)  was  never  attained 
for  the  range  of  temperatures  utilized;  thus  a  temperature  indicative  of 
NDT  was  never  reached.  However,  transition  temperatures  for  fracturing 
under  elastic  and  plastic  loading  (FTE,  FTP)  were  determinable  from  the 
test  sequence.  The  FTE  temperature  for  steel  9  occurs  at  -50°F.  Below 
this  temperature  (-60°F)  crack  propagation  is  relatively  easy,  as  evidenced 
by  the  fact  that  the  cracks  are  beginning  to  extend  through  the  elastically- 
loaded  edge  regions  of  the  plate  supported  by  the  die.  At  -40°F,  which  is 
just  above  FTE,  crack  propagation  becomes  difficult  as  indicated  by  the 
cracks  tending  to  remain  within  the  central  bulge  (or  plastically-loaded) 
region.  Likewise  the  examination  of  the  figures  will  reveal  that  the  FTE 
for  steels  31  and  32  is  30°F. 

An  estimate  of  the  temperature  intervals  between  bo*h  I" TP  and  FTE 
(from  explosion  bulge  tests)  and  NDT  (from  drop  weight  tests.)  were  made 
for  steels  9,  31  and  32.  For  making  FTP  determinations  from  NDT,  an 
interval  of  approximately  185°F  was  evident  for  all  steels.  The  NDT-FTE 
interval  was  60°F  in  the  case  of  steel  9  and  70°F  for  steels  31  and  32.  Al¬ 
though  higher  than  the  normally  acknowledged^  allowances  of  80°  to  120°F 
for  FTP  and  30°  to  50°F  for  FTE,  the  spreads  are  considered  to  be  reason¬ 
ably  valid  since  they  could  be  explained  by  the  generally  low  crack  resis¬ 
tance  of  the  basic  materials  and  their  broad  transition  zones  i.  e.  very 
gradual  decrease  in  impact  energy  absorption  between  test  temperatures 
which  would  be  reflected  in  a  broadening  of  the  temperature  intervals.  For 
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the  interpretations  of  service  performance  to  follow  in  this  report,  an  in¬ 
terval  of  50°  was  used  in  making  general  estimates  of  FTE  lemperatures. 

SIGNIFICANCE  OF  NDT  TEMPERATURES: 

The  first  question  that  would  be  asked  by  material  users  or  design¬ 
ers  after  inspection  of  data  similar  to  that  presented  here  is:  "What  does 
it  mean  in  product  performance  and  current  design  concepts?"  This 
question  reflects  a  natural  or  universal  reaction  to  any  new  information, 
particularly  in  applications  where  material  behavior  is  critical  and  fail¬ 
ure  by  cracking  can  be  catastrophic. 

For  armored  vehicle  applications,  materials  are  required  to  with¬ 
stand  penetration,  from  armor  piercing  projectiles  and  to  provide  structural 
integrity  against  normal  functional  loads  down  to  operating  temperatures 
as  low  as  -40°F.  In  actual  use  elastic  loads  of  some  stress  magnitude 
do  develop  during  normal  operation  of  armored  structures.  In  addition,  the 
armor  structure  would  be  under  some  level  of  elastic  preload  stress  stem¬ 
ming  from  constraint  developed  during  fabrication  by  welding.  Welding 
also  introduces  numerous  potential  crack  initiation  sites. 

To  preclude  the  possibility  of  brittle  fracture  under  the  normal 
service  conditions  stated  above,  an  armor  steel  NDT  temperature  of  just 
below  ~40°F  would  be  satisfactory.  It  is  possible,  however,  that  defor¬ 
mation  (or  accidental)  loads  at  a  crack  flaw  position  might  be  encountered. 
Under  this  added  circumstance  a  much  lower  material  NDT  temperature 
is  required.  If  the  fracture  transition  elastic  (FTE)  temperature  of  the 
armor  were  -40°F,  it  would  all  uw  for  the  following  combination  of  condi¬ 
tions  before  fracture  occurred: 

(1)  a  crack  flaw, 

(2)  -40°F  operating  temperature, 

(3)  accidental  loading  at  the  crack  position. 

Fractures,  once  initiated,  would  only  propagate  through  adjacent  material 
that  is  under  nominal  elastic  loads  if  the.  temperature  was  below  -40°F, 
but  would  stop  at  the  edge  of  the  deformation  region  if  the  temperature  was 
above  -40°F.  Under  the  above  conditions  armor  materials  should  have  a 
maximum  NDT  temperature  of  -90  °F.  In  view  of  the  small  probability  for 
occurrence  of  all  prerequi  site  conditions  for  brittle  failure  (particularly 
when  compared  with  normal  probabilities  of  perforation  from  small  arm 
attack)  this  NDT  provides  a  substantial  margin  of  safety  for  crack- free 
vehicle  performance.  Since  an  average  NDT  temperature  of  -90°F  was 


found  for  the  steels  evaluated  here,  a  safe  temperature  of  operation  by  the 
FTE  temperature  criteria  would  be  approximately  -40°F. 

This  generalized  situation  can  be  more  readily  demonstrated  by  the 
results  tabulated  in  Table  V.  The  information  shown  represents  the  re¬ 
action  of  several  of  the  test  materials  (1/2"  x  18"  x  36"  plates)  to  a  severe 
form  of  ballistic  shock.  Specifically,  the  source  of  shock  is  the  37mm  HE 
projectile  which  provides  the  combined  effect  of  kinetic  and  explosive 
energies  emanating  from  0.10  pounds  of  explosive  filler  and  1.  33  pounds  of 
steel  shot.  Impacts  were  directed  on  the  weld-metal  crack- starters. 
Average  length  of  cracking,  determined  by  dividing  total  length  of  cracking 
by  the  number  of  cracks,  both  with  respect  to  deformed  and  undeformed 
areas,  was  used  as  the  basic  criteria  for  determining  the  inter-relation¬ 
ship  of  bulge  test  FTE  temperature  predictions  and  actual  plate  ballistic 
behavior.  Whether  or  not  cracking  stayed  within  bulged  region  at  test 
temperatures  (ambient  and  -40°F)  coincided  relatively  well  with  predictions 
based  on  the  FTE  temperatures  found  for  these  materials  by  the  explosion 
bulge  test. 

There  are  recognized  departures  in  the  ability  of  crack  starter  test 
criteria  to  predict  a  steel's  susceptibility  to  cracking.  This  occurs  with 
steels  having  low  Charpy  upper  shelf  characteristics  (20  -  25  ft).  What 
seemingly  appears  as  brittle  cracking  is  merely  low  energy  ductile  shear¬ 
ing.  This  form  of  anomalous  behavior  in  steel  has  been  recognized  and  re¬ 
ported  by  Babecki,  Puzak,  et  al*®.  Such  "low  energy  absorption  shear" 
failures  in  1/2"  armor  plate  was  believed  to  be  found  when  extensive  crack¬ 
ing  was  observed  in  the  floor  plate  of  the  engine  compartment  of  a  large 
number  of  armored  vehicles.  The  static  stress  state,  developed  in  this 
floor  plate  by  various  pre- assembly  fabrication  operations  of  cold- straight¬ 
ening,  cold- forming  and  full-penetration  welding,  was  bi-axial  in  nature. 

In  operation,  additional  stresses  were  imposed  from  engine  weight  and 
operation.  The  cracking  generally  occurred  in  low-mileage  vehicles. 
Figure  8  is  a  sketch  of  floor  plate  design  showing  major  attachments  and 
plate  edges  involved  in  structural  welds.  The  cracks  usually  started  from 
the  vicinity  of  welds  or  surface  cracks  developed  from  cold  forming  or 
straightening.  Inspection  reports  on  the  cracked  plate  disclosed  Brinell 
hardness  readings  of  363  to  388  and  Charpy  V-notch  values  in  the  trans¬ 
verse  direction  of  12  to  14  foot  pounds  at  -40°F. 

Immediate  corrective  action  consisted  of  altering  the  engine  mount 
to  redistribute  engine  weight  from  the  floor  to  the  vehicle  side  walls,  in¬ 
creasing  the  floor  thickness,  eliminating  full-penetration  welding  of  drain 
valve  and  inspection  hole  ring  castings  (to  reduce  some  of  the  restraint 
from  welding),  and  lowering  the  hardness  of  material  (to  decrease  sus¬ 
ceptibility  to  crack  initiation  and  increase  resistance  to  crack  propagation). 
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Although  fracture  plait:  sections  were  not  available  to  visually  ascertain 
the  extent  of  true  brittleness,  it  may  be  said  with  certainty  that  ambient 
temperatures  never  approached  values  indicative  of  a  likely  nil-ductility 
transition  (NDT)  temperature,  let  alone  the  fracture  transition  elastic 
(FTE)  temperature  for  the  material;  in  fact,  lowest  ambient  temperatures 
would  have  more  closely  approached  the  fracture  transition  plastic  (FTP) 
temperature.  Since  no  metal  deforming  loads  were  involved,  the  likeli¬ 
hood  of  serious  cracking  would  not  have  been  expected  in  terms  of  pre¬ 
viously  acknowledged  transition  temperature  interpretations. 

In  view  of  this  experience,  it  can  only  lead  one  to  conclude  that 
1/2"  armor  plate  in  the  presence  of  extreme  stress  conditions  and  latent 
defects  is  prone  to  cracking  by  low  energy  absorption  without  reaching 
temperatures  indicative  of  any  of  the  likely  critical  transition  values  ex¬ 
pected  for  this  type  steel.  The  probability  of  cracking  is  even  more  likely 
in  plate  material  tempered  to  the  high  end  of  the  specified  hardness  range. 
This  incident,  however,  should  not  detract  from  the  predictive  or  practical 
value  offered  by  the  c  rack- starter  drop  weight  test.  With  a  better  apprec¬ 
iation  of  the  special  limitations  found  by  experience,  the  test  should  prove 
more  valuable  in  making  realistic  appraisals  of  the  performance  of  steels 
in  service. 

CONCLUSIONS: 

1.  Corrected  NDT  temperatures  varied  from  -50°  to  -110°F  for 
the  Mn-Cr-Mo  steels  and  -80°  to  130°F  for  the  Mn-Mo  steels.  The  average 
NDT  temperature  for  both  steel  analyses  was  -90°F.  Without  reheat  treat¬ 
ment  of  the  specimen  to  eliminate  influence  of  crack- starter  bead  heat- 
affected  zone,  the  NDT  temperature  is  fictitously  lowered  by  approximately 
1 0°F. 


2.  Limited  crack- starter  bulge  test  data  generally  confirms  "rule 
of  thumb"  relationships  offered  by  Puzak,  et  al,  in  approximating  the  FTE 
temperature.  The  temperature  adjustment  for  determining  the  FTP  tem¬ 
perature  was  significantly  higher  than  "rule  of  thumb"  allowances  i.e. 

180°f  vs  I20°F. 

3.  Estimates  of  safe  operating  temperature  by  FTE  temperature 
criteria  for  the  steels  investigated  indicates  freedom  from  excessive  crack¬ 
ing  to  a  temperature  of  approximately  -30°F.  Keeping  material  at  low 
side  of  specification  hardness  range  can  reduce  this  critical  temperature 

to  much  safer  values  as  well  as  decrease  the  probability  of  "low  energy 
shear"  ruptures. 
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■I.  Tin  NDT  temperature  determined  by  tin-  Navy  c ruck- starter 
drop  weight  test  (as  i  nte  rprele d  by  the  explosion  bulge  test  and  the  Charpy 
V- notch  impai  t  test)  provides  a  rather  knowledgeable  means  by  which  a 
steel  can  be  appraised  for  suitability  to  a  critical  operating  environment. 
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DISCUSSION 

Dr.  Hammer:  The  paper  is  up  for  discussion. 

Mr.  /.aroodny:  Could  you  try  something  like  measuring  the  length  of  the  crack 
Mr.  Fagano:  We  have  not  considered  this.  We  actually  haven't  made  the  anal¬ 
ysis  to  this  point  but  we  feel  that  utilizing  the  basic  criteria  that  has  already 
been  established  with  respect  to  the  bulge  may  help  us  in  this  respect. 

Mr.  /aroodny:  Well,  you  have  very  well  brought  out  that  the  future  will  prob¬ 
ably  bring  actual  measurements  rather  than  interpolating  between  tempera¬ 
tures. 

Mr.  Pagano:  I  don't  know  actually;  a  number  of  plates  were  tested  at  the  same 
temperature,  and  you  get  this  variation.  This  is  the  thing  that  disturbed  us  a 
little  bit  and  we  felt  that  this  might  be  the  reaction  of  the  crack  started  due  to 
the  load.  It  may  take  off  in  one  direction,  more  prone  to  a  fracture,  or  may 
take  off  in  a  longitudinal  manner  and  then  change  direction  to  the  transverse, 
following  the  path  of  the  least  resistance.  This  is  some  of  our  reasoning  on 
it. 

Mr.  Pagano:  I  don't  know  how  many  people  are  familiar  with  the  low-blow 
Charpy  test  by  Hartborne  and  Horner.  They  use  the  pre-crack  by  fatigue 
rather  than  low-blow.  This  particular  thing  now  defines  the  temperature 
which  they  have  shown  correlates  fairly  well  with  the  NDT  temperature.  So 
there  is  a  direct  tie-in,  and  you  can  come  up  with  a  whole  set  of  design  curves 
correlating  critical  design  stress  to  critical  crack  size  and  NDT  temperature. 


DYNAMIC  STRESS  CONCENTRATION  FACTORS 


Richard  Shea:;: 


ABSTRACT 


The  problem  of  the  response  of  structural  discontinuities  to  short 
duration  stress  pulses  is  studied  experimentally.  Employing  explosively 
induced  stress  pulses  in  thin  plastic  plates,  containing  central  circular 
holes,  a  dynamic  stress  concentration  factor  is  determined  as  a  function 
of  pulse  frequency.  It  is  concluded  for  this  loading  case,  that  the  dynamic 
stress  concentration  is  significantly  lower  than  the  static  value. 
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Dilatational  wave  velocity 
Distortional  wave  velocity 
Representative  discontinuity  dimension, 
(Hole  diameter  in  this  case) 

Young's  modulus 
Thickness  of  shear  plate 
Stress  concentration  factor 
Time 

"Primacord"  burning  rate 
Impact  velocity  of  shear  plate 
Width  of  model 

Angle  of  biased  edge  of  model 
Maximum  (peak  pulse)  strain 
Nominal  (peak  pulse)  strain 
Nominal  peak  pulse  strain  corrected 
for  attenuation 

Wave  length  of  dilatational  pulse 
Poisson1  s  ratio 
Mass  density 

Maximum  (peak  pulse)  stress 
Nominal  (peak  pulse)  stress 
Period  of  dilatational  pulse 
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INTRODUCTION 


Many  studies  have  been  made  of  stress  distribution  in  the  vicinity 
of  discontinuities  such  as  holes  and  notches.  These  studies,  both  theoret¬ 
ical  and  experimental,  have  provided  a  great  deal  of  information  on  the  be¬ 
havior  of  many  of  the  more  common  discontinuities  under  static  loading. 

The  usual  design  procedure  for  obtaining  the  maximum  stresses  associated 
with  such  discontinuities  has  been  primarily  a  matter  of  applying  the  perti¬ 
nent  stress  concentration  factors  to  the  nominal  stresses  obtained  from  the 
simple  strength  of  materials  formulae. 

This  design  method  lias  been  adequate  generally,  and  even  conserv¬ 
ative  in  many  instances,  for  static  loading  considerations.  When  dynamic 
loads  are  involved,  the  usual  recourse  has  been  to  follow  the  same  proce¬ 
dure,  but  to  increase  the  margin  of  safety  to  allow  for  the  uncertainty  of 
the  actual  dynamic  stress.  Obviously,  this  approach  will  lead  to  an  effi¬ 
cient  design  only  by  pure  chance. 

The  purpose  of  this  study  is  then  to  investigate  some  of  the  more 
general  aspects  of  the  behavior  of  discontinuities  under  dynamic  loads. 
Specifically,  the  geometry  considered  here  is  a  thin  plate  containing  a  cen¬ 
tral  circular  hole;  and  the  loading  is  of  a  short  duration,  discrete  pulse 
nature.  The  problem  is  approached  experimentally,  using  explosively  in¬ 
duced  stress  pulses  in  thin  plastic  plates. 

Single,  discrete,  compression  pulses  are  propagated  longitudinally 
through  plates  containing  the  discontinuities.  The  emphasis  is  directed 
toward  stress  pulses  having  durations  that  are  much  shorter  than  the  fun¬ 
damental  dilatational  period  of  the  plates. 

Some  previous  experimental  work  in  this  area  has  been  undertaken 
by  Durelli,  et  al.  ^  Employing  dynamic  photoelastic  techniques  the  same 
problem  was  investigated.  In  these  studies  the  pulse  durations  were  sev¬ 
eral  times  longer  than  the  period  of  the  plates;  and  accordingly,  no  appar¬ 
ent  dynamic  effect  was  noted. 

In  the  early  phases  of  this  program  an  attempt  was  made  to  gener¬ 
ate  short  duration  stress  pulses  by  the  use  of  a  spring-propelled  shear 
plate  impacting  the  edge  of  a  rectangular  plate  containing  a  central  circu¬ 
lar  hole  (sec  Figure  i).  The  alignment  in  this  scheme  was  a  highly  criti¬ 
cal  factor,  and  the  pulse  lengths  obtained  were  about  five  times  the  diam¬ 
eter  of  the  holes.  Again,  the  stress  concentration  factor  observed  was 
essentially  equal  to  the  static  value. 


DRIVING  SPRING 


Figure  I.  SCHEMATIC  OF  SPRING-PROPELLED  LOADING  DEVICE 


Pan  ^  lias  ->tt.dnd  tin-  pro'ili  in  of  tin-  vibratory  loading  ol  an  infinite 
plate  c on t ai ni ng  a  i  -  niral  i  :  i  -  i:lar  bole.  In  tins  tbeoretieal  approach  it  is 
noted  that,  when  tin-  wa'  e  length  ot  the  vibration  is  of  the  same  order  of 
magnitude  as  the  diametei  cl  the  hole,  the  maximum  stress  at  the  hole 
varies  with  the  forcing  Irequeiu  v. 

FORMULATION 

Dynamic  Stress  Concentration  F ac.to r 

In  the  usual  terminology  lor  the  rase  of  plane  stress,  the  stress 
concentration  factor  is  expressed  as  the  ratio  of  maximum  to  nominal 
st  r  e  s  s  e  s .  * 

k  -°^i-  (1) 

0"nom 

While  this  is  based  on  static  reasoning  it  may  be  extended  to  in¬ 
clude  dynamic,  considerations  with  no  loss  of  generality.  Assuming  the 
attenuation  of  the  pulse  to  be  insignificant,  if  (T  num  1S  defined  as  the  peak 
pulse  stress  several  wave  lengths  upstream  of  the  discontinuity,  and  ^m3LX 
is  defined  as  the  peak  pulse  stress  at  the  discontinuity,  k  will  still  portray 
the  effect  of  the  discontinuity. 

The  configurations  considered  here  are  such  that  at  the  points  where 
both(J"norn  and(Tmax  occur  a  state  of  uniaxial  stress  exists.  In  the  nominal 
stress  field,  during  the  time  of  initial  pulse  passage,  there  is  only  a  stress 
in  the  direction  of  the  pulse  propagation.  At  the  edge  of  the  hole,  there  can 
be  no  radial  stress,  so  that  there  is  an  uniaxial  stress  in  the  tangential  di¬ 
rection. 


Therefore,  the  stress  concentration  factor  can  be  written  in  terms 
of  the  nominal  and  maximum  strains. 


gmux 
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£T  is  based  on  the  net  area  at.  the  discontinuity  in  both  the  static  and 

dynamic,  sense,  i.  e.  ,  the  effect,  of  the  absence  of  the  material  at  the  dis¬ 
continuity  is  considered,  but  the  associated  non  uniform  stress  distribution 
is  not. 


Ill'll-  'i  t  sunn  it  ^ii'h  (nips  legurding  the  definitions  of  the  dynamic 
mu\imnm  and  i,.  mn.al  sin  ssi-s  nn.sl  he  observed. 


Pulse  K rogue iu  y  Parauieier 

Smee  an  ellei!  id  pulse  d  ratio'.,  or  conversely  pulse  frequency, 

,m  the  response  at  a  discontinuity  is  suggested,  a  dependency  is  implied 
of  the  form: 

Here  d  is  a  representative  geometric  dimension  of  the  discontinuity, 
the  hole  diameter,  in  this  case;  and  is  the  wave  length  of  the  stress  pulse. 
Figure  1  illustrates  these  dimensions  tor  a  plane  compression  pulse  prop¬ 
agating  longitudinally  along  a  plate  with  a  central  circular  hole. 


The  pulse  wave  length  is  a  function  of  both  the  material  of  the  mem¬ 
ber  and  the  duration  of  the  applied  load. 

X  -  ctC  (4) 

The  dilatational  wave  velocity  (which  is  dependent  solely  on  the 
material)  is  represented  by  Cj,  and  the  loading  duration  by 


This  study  has  been  restricted  to  the  effect  of  the  dilatational 
(compression)  pulse.  Since  the  re  is  also  a  distortional  (shear)  pulse 
associated  with  a  dynamic  loading,  attention  must  be  directed  to  that  por¬ 
tion  of  the  member  which  is  unaffected  by  the  shear  pulse  (at  least  dur¬ 
ing  the  passage  of  the  initial  compression  pulse,)  This  is  accomplished 
by  observing  only  the  initial  response  of  the  member  at  locations  relatively 
far  removed  from  the  area  at.  which  the  load  is  applied.  In  effect  the  dilata¬ 
tional  pulse  is  allowed  sufficient  room  to  "outrun"  the  distortional  pulse. 
Inspection  of  Equations  S,  below,  will  show  that  the  dilatational  velocity 
(c|  )  is  always  greater  than  the  distortional  velocity  (c^). 
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Figure  2.  PROPAGATION  OF  STRESS  PULSE  IN  FINITE  PLATE  CONTAINING 

CENTRAL  CIRCULAR  HOLE 
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Mode  1  s 


Lllort  wdd  <1.  r ci  U'd  toward  obtaining  pulse  frequency  parameters 
varying  from  about  1.0  to  5.0.  However,  since  it  is  impractical  to  vary 
•be  pulse  length  the  variation  ol  tile  <1/ \  parameter  was  accomplished 
by  changing  the  physu  al  dimension,  d.  The  significant  geometric  para¬ 
meters  were  kept  constant  bv  scaling  other  pertinent  model  dimensions 
in  the  same  propoition  as  d. 

The  models  were  fabricated  from  thin  (1/4-inch  Plexiglas)  plas¬ 
tic  plates.  Tin-  use  id  plastic  is  desirable  from  several  precepts.  First, 
the  elastic  wave  velocities  in  plastics  are  considerably  lower  than  in  most 
metals.  Thus  it  is  possible  to  achieve  desirable  (i.e.,  relatively  large) 
d/^  values  without  having  to  resort  to  large,  and  therefore,  unwieldy  models. 
Second,  plastics  possess  low  elastic  moduli  so  that  small  loads  will  pro¬ 
duce  strains  sufficiently  large  for  accurate  measurement. 

The  plates  were  generally  in  the  form  of  trapezoids.  The  over-all 
dimensions  varied  from  about.  4  '  x  10"  to  36"  x  60"  in  order  to  bracket  a 
sufficient  range  ot  the  pulse  frequency  parameter.  The  discontinuities 
considered  in  the  initial  phase  of  this  study  were  central  circular  holes 
varying  from  1.9  to  9.0-inch  diameters. 

Loading 


Lengths  ol  "Pnmacord"  detonating  fuse  were  placed  along  the 
biased  edge  of  the  models  as  shown  in  Figure  3,  Detonation  of  the  fuse 
was  accomplished  by  initiation  of  a  No.  6  blasting  cap  at  the  upper  end 
of  the  "Pnmacord. '  The  burning  rate  of  the  "Primacord"  is  approxi¬ 
mately  <350.  000  inches  per  second;  and  the  burning  duration,  at  a  point, 
about  <30  nnc  rosec  ends. 

4 

This  technique,  which  is  attributed  to  Christie,  imparts  sharp, 
reproducible-  pulses,  of  about  <30  microseconds  duration,  to  the  plate. 
Referring  again  to  Figure  3,  if  the  angle  o< ,  between  the  bias  and  the 
horizontal,  is  set  such  that  sintX-  (where  v  is  the  burning  rate  of 

C1 

the  "Primacord")  it  is  possible  to  obtain  a  short  duration  pulse  which 
propagates  longitudinally  down  the  model. 

Some  initial  experimentation  was  necessary  to  determine  the 


138 


BUKHTD 


PftlMACORD 


SIN  ■>  *  — 


Figure  3.  LOADING  TECHNIQUE 


>  orrn  !  value  of  Oi-  Tins  was  due  to  tlx:  variability  of  Young's  modulus 
with  strain  rate  which  in  turn  elicits  the  wave  velocities.  Essentially, 
tin  icIiKity  of  the  di  1  at  at  i  otial  wave  was  determined  by  measuring  the  time 
delay  ot  its  arrival  at  two  points  on  a  longitudinal  line;  and  the  angle,  ot  , 
aibustcd  an  ordmgly.  l  o  t  heck  the  angle,  the  arrival  of  the  pulse  at  two 
points  on  the  same  transverse  line,  but.  at  opposite  edges  of  the  plate,  was 
noted. 


The  pulses  generated  by  this  method  were  quite  reproducible, 
having  durations  of  /0  microseconds,  which  in  "Plexiglas"  correspond 
to  a  wave  length  ot  1.9".  Although  the  amplitudes  of  pulses  on  different 
models  were  not  identical,  (due  probably  to  the  variation  of  the  explosive 
loading  m  the  Primacord)  the  method  faithfully  reproduced  pulses  of  the 
same  duration  and  general  shape.  Figure  4  is  a  tracing  of  a  typical 
oscilloscope  record  showing  the  pulse  shape  obtained  by  this  loading 
tec  hni que . 

instrumentation 


The  instrumentation  employed  in  this  study  consisted  of  1/16-inch 
foil  strain  gages,  a  trigger  gage,  suitable  ballast  circuits,  and  dual  beam 
oscilloscopes.  This  is  shown  schematically  in  Figure  5. 

The  oscilloscopes  were  triggered  by  the  strain  signal  from  a  gage 
in  the  nominal  stress  field.  This  signal  was  delayed  sufficiently  to  insure 
observance  of  the  entire  strain  phenomenon.  The  delay  may  be  seen  in 
Figure  4  at  the  origin  of  the  trace. 

The  strain  gages  were  located  typically  as  shown  in  Figure  5.  As 
may  be  noted,  four  gages  were  located  [Z  gages  back  to  back,  at  locations 
above  each  of  the  transverse  extremities  of  the  hole)  in  the  nominal  stress 
area.  This  was  done  to  provide  assurance  that  the  pulse  was  essentially 
uniform  as  regards  both  amplitude  and  orientation  across  the  width  of  the 
model,  and  to  cancel  the  effect  of  any  pulse  variations  through  the  thick¬ 
ness  of  the  model/”  The  nominal  strain  was  obtained  by  averaging  the 

For  "Plexiglas"  o C  is  approximately  Z5  degrees.  If  steel  or  aluminum 
were  employed  as  the  model  material,  (X  would  have  to  be  about  7  5  degrees, 
which  would  have  beer  quite  awkward.  This,  then,  is  another  reason  for 
employing  a  plastic  model. 

Nc  strain  differences  through  the  thickness  were  noted  however.  The 
back  gages  could  be  properly  omitted  with  no  loss  of  accuracy. 
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outputs  of  the  two  gage  pairs.  In  all  cases  the  times  of  pulse  arrival  at 
the  two  transverse  locations  were  generally  coincident  within  1  or  2  micro¬ 
seconds. 

Also  as  shown  in  Figure  5,  two  gages  were  located  at  the  opposite 
transverse  extremities  of  the  hole.  Again  this  was  done  to  provide  assur¬ 
ance  of  pulse  uniformity.  The  orientation  of  the  pulse  passage  at  this 
location  was  essentially  horizontal  within  several  microseconds  in  all 
cases. 

LIMITATIONS 


a.  Response  of  Strain  Gages  on  Plastics 

Clark  has  noted  that  wire  resistance  strain  gages  mounted  on  one- 
half  inch  square  bars  of  "CR-39"  plastic  exhibited  only  about  75%  of  the 
strain  sensitivity  that" would  be  expected.  The  effect  was  noted  both  stati¬ 
cally  and  dynamically  in  relatively  close  agreement,  and  was  attributed  to 
the  wire  of  the  strain  gages  stiffening  the  plastic. 

Assuming  that  this  reduction  in  sensitivity  is  constant,  the  stress 
concentration  factor,  being  simply  a  ratio  of  strains,  should  be  unaffected. 
However,  since  the  stiffness  of  the  models  at  the  regions  of  nominal  and 
maximum  stress  differs  significantly  (at  least  in  the  static  sense)  it  was 
decided  to  observe  this  phenomenon  for  the  particular  configuration  being 
studied. 

A  sheet  of  "HYSOL  6000  OP",  a  birefringent  plastic,  having  phys¬ 
ical  properties  similar  to  "Plexiglas"  was  fabricated  into  a  model  with  the 
same  geometric  parameters  as  the  models  used  in  the  primary  testing 
phase.  The  model  was  loaded  statically  in  tension;  and  the  maximum  and 
nominal  stresses  determined  photoelastic  ally.  After  unloading,  foil  strain 
gages  were  applied  as  on  the  dynamic  models.  The  model  was  loaded 
again  and  the  maximum  and  nominal  stresses  determined,  this  time  from 
the  output  of  the  strain  gages. 

The  comparison  between  these  results  indicated,  for  the  configura¬ 
tions  studied,  that  the  foil  strain  gages  gave  results,  for  both  the  nominal 
and  maximum  strains,  which  were  as  close  to  the  photoelastic  values  as 
could  be  reasonably  expected. 

The  fact  that  the  reduced  strain  sensitivity  did  not  occur  in  this 
study  may  be  due  to  the  use  of  foil  type  strain  gages  which  are  not  as  stiff 
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figure  b.  SCHEMATIC  Of  STRAIN  GAGE  CIRCUIT 


as  wire  gages.  In  any  event  since  the  static  check  showed  no  significant 
loss  of  strain  sensitivity,  it  is  felt  that  dynamically  any  error,  which  may 
exist,  may  be  properly  neglected. 

b.  Dynamic  Response  of  Strain  Gages 

There  is  some  tendency  to  doubt  the  validity  of  strain  gage  response 
to  high  frequency  excitation.  For  example,  while  studying  the  propagation 
of  plastic  waves  in  soft  aluminum,  Gillich^  noted  that  resistance  strain 
gage  measurements  deviated  significantly  from  diffraction  grating  read¬ 
ings  at  strains  above  2%,  and  at  strain  rates  corresponding,  to  wave  ve¬ 
locities.  However,  in  the  present  study,  the  maximum  strains  recorded 
were  always  much  lower  than  2%,  generally  in  the  range  of  1200  to  1500 
microinches  per  inch. 

On  the  other  hand,  while  Clark^  did  find  a  difference  in  dynamic 
strains  between  strain  gage  measurements  and  photoelastic  techniques, 
the  identical  difference  was  observed  statically. 

One  prevalent  criticism  of  employing  strain  gages  for  high  frequency 
measurements,  stems  from  a  lack  of  confidence  in  the  dynamic  qualities  of 
adhesives.  While  this  is,  no  doubt,  an  area  worthy  of  additional  investiga¬ 
tion,  it  was  found,  in  this  study,  that  the  adhesive  bond  was  generally  ex¬ 
cellent.  The  adhesive  employed  was  Eastman  -  910;  and  in  practically  all 
cases,  the  gages  were  found  to  be  securely  bonded  after  the  test. 

c.  Attenuation  of  the  Stress  Pulse 


One  of  the  assumptions  made  in  the  formulation  of  the  equations 
for  the  dynamic  stress  concentration  factor  was  that  the  attenuation  of 
the  pulse  between  the  locations  of  the  nominal  and  maximum  stresses 
could  be  neglected.  However,  the  attenuation  is  actually  significant,  and 
it  was  therefore  necessary  to  apply  correction  factors  to  account  for  the 
pulse  decay. 

A  series  of  tests  was  conducted  on  models  with  fto  discontinuity, 
but  otherwise  identical  to  the  models  used  in  the  primary  testing  phase. 

A  correction  factor  was  determined  for  each  of  the  model  sizes,  and 
applied  to  the  nominal  strains.  The  corrected  nominal  strains  were  then 
employed  in  the  determination  of  the  stress  concentrations. 

Using  this  concept,  Equation  3  may  be  rewritten; 
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Where  6nom  is  the  attenuated  nominal  strain. 

RESULTS  AND  CONCLUSIONS 

The  results  of  this  study  are  indicated  in  Figure  7.  *  As  may  be 
noted  there  is  a  pronounced  variation  of  the  stress  concentration  factor 
with  the  pulse  frequency.  Particularly  in  the  region  of  pulse  durations 
of  the  same  length  as  the  hole  diameter,  the  stress  concentration  factor 
drops  off  significantly. 

This  may  be  explained  by  a  purely  physical  argument  of  the  stress 
pulse  propagation.  Since  the  band  of  stressed  material  is  about  the  same 
length  as  the  discontinuity,  there  is  not  sufficient  time,  or  space,  for  a 
secondary  pulse  to  be  reflected  from  the  hole  boundary  and  reinforce  the 
main  pulse.  As  the  band  is  diminished  relatively  to  the  hole,  there  is 
even  less  opportunity  for  reinforcement  to  occur.  On  the  other  hand  for 
long  duration  pulses,  the  band  becomes  quite  large  (approaching  a  static 
loading  condition)  and  there  is  sufficient  reinforcement  to  bring  about  a 
high  stress  concentration  factor. 

It  may  be  concluded  from  this  study  that  static  criteria  are  not 
necessarily  valid  in  the  dynamic  sense.  For  the  particular  case  consid¬ 
ered  the  results  applied  to  a  design  problem  would  be  striking.  For  not 
only  would  the  designer  use  a  conservative  static  stress  concentration 
factor,  but  would* probably  compound  the  inefficiency  by  resorting  to  a 
heavy  margin  of  safety. 
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*  Pao's  results  for  an  infinite  plate  with  a  circular  hole  under  vibratory 
loading  (Figure  3,  Reference  3)  are  superposed  on  this  figure.  While 
the  cases  examined  are  somewhat  different,  the  agreement  in  the  trend 
is  significant. 
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Figure  7.  VARIATION  OF  STRESS  CONCENTRATION  WITH  PULSE  FREQUENCY 
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DISCUSSION 


Mr.  W.  Griffel,  Picatinny  Arsenal:  Did  you  have  a  chance  to  study  the 
effect  of  discontinuity? 

Mr.  Shea:  No,  up  to  this  point  we  considered  only  the  classical  case  of 
the  central  circular  hole  in  the  plate.  We  would  like  to  extend  it  to  other 
configurations,  though. 

Mr.  Griffel:  That  would  be  really  very  interesting  and  useful  too. 

Mr.  Shea:  I  think  other  configurations  might  have  some  very  interesting 
implications. 

Dr.  Gay,  BRL,  APG:  Are  the  springs  behaving  more  elastically  than  visco- 
elastically?  This  is  one  of  the  perennial  problems  with  dynamic  stress 
analyses. 

Mr,  Shea:  Well,  let  me  only  say  that  I  wouldn't  bank  on  it  being  completely 
elastic  as  opposed  to  the  vi sco- elastic  concept.  But  just  looking  at  the 
pulse,  etc.  ,  I  have  a  feeling  that  it  is  a  fairly  elastic  response.  I  think 
that  this  would  be  a  very  hard  thing  to  prove  anyway. 

J.  C.  Hanson,  Rock  Island  Arsenal:  Did  you  have  any  trouble  separating 
bending  stresses  at  the  surface  from  the  force  wave  or  the  waves  trans¬ 
mitted  through  the  plastic?  Was  there  any  problem  there? 

Mr.  Shea:  No,  if  you  remember  we  talked  about  the  nominal  gage  field 
and  at  least  we  had  two  gages  back  to  back.  If  there  had  been  any  bending 
which  there  shouldn't  be  since  the  bending  is  a  somewhat  slower  phenomenon 
than  the  compression  parts,  we  should  have  been  able  to  pick  it  up  here, 
but  there  was  essentially  no  difference  from  one  surface  to  the  other. 

J.  C.  Hanson:  What  kind  of  gages  did  you  use? 

Mr.  Shea:  These  were  Budd  gages  -  1  / 1 6  of  an  inch  foil  -  I  forget  the  ex¬ 
act  designation  right  now. 

Dr.  Kumar:  The  gages  that  you  used  did  of  course  have  some  kind  of 
averaging  effect  -  even  though  they  were  more  or  less  1/16  of  an  inch.  Was 
this  significant,  do  you  think? 

Mr.  Shea:  I  don't  think  so  because  as  1  noted  the  wave  length  of  the  pulse 
in  this  material  turns  out  to  be  almost  Z  inches  -1.9  inches,  and  the  gage 
itself  is  only  1/16  inch  gage  length  which  will  integrate  somewhat  but  really 
relatively  little. 
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ABSTRACT 

In  connection  with  the  need  for  light  weight  components  in  military 
helicopters  and  STOL  AND  VTOL  aircraft,  a  research  program  has  been 
conducted  by  Batteile  to  determine  the  merits  of  hype rc  ritic al -  speed 
power  transmission  shafts.  For  transmitting  a  given  horsepower,  torque 
and  consequently  shaft  si/.e  and  weight  may  be  reduced  as  operating  speed 
is  increased.  However,  extremely  large  deflections  and  even  destruction 
of  the  shaft  and  its  bearings  can  result  from  operation  at  shaft  critical 
speeds;  for  this  reason  designers  of  power  transmission  equipment  nor¬ 
mally  avoid  the  problem  by  operating  shafts  below  their  first  critical 
speed. 


Experiment  has  shown  that  power  transmission  by  shafts  operating 
at  speeds  above  their  first  critical  is  practical,  since  one  or  two  dampers 
strategically  located  along  the  shaft  have  limited  vibration  very  effectively. 
With  just  one  damper,  shafts  have  been  operated  at  more  than  sixty  times 
their  first  critical  speed.  With  two  dampers,  operation  at  even  higher 
speeds  was  observed,  in  one  case  reaching  159  times  the  first  critical 
speed.  Generally,  best  operation  occurred  with  the  damper  or  dampers 
positioned  close  to  the  ends  of  the  transmission  shafts, 

A  systematic  procedure  for  the  design  of  shaft  dampers  using  an 
electrical  analogy  has  been  developed.  The  initial  experimental  verifica¬ 
tion  of  the  design  procedure  showed  excellent  performance.  Using  this 
procedure  in  a  given  power  transmission  situation  it  is  believed  that  a 
system  of  dampers  can  be  designed  to  prohibit  excessive  and  dangerous 
vibration  amplitudes  at  the  desired  operating  speeds. 
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The  design  and  analysis  of  high- speed  shafting  by  electrical  analogy 
adds  understanding  to  the  experimental  program.  The  analogy  shows,  for 
instance,  that  broad  tuning  of  the  shaft  system  is  quite  dependent  not  only 
upon  damping,  but  also  upon  the  weight  ratio  of  the  damper  to  the  shaft. 

The  smaller  the  ratio,  the  wider  is  the  acceptable  speed  range  of  shaft  op¬ 
eration.  Description  of  the  mechanical  shaft  in  terms  applying  to  high- 
frequency  electrical  transmission  lines  opens  the  door  to  straightforward 
design  of  hypercritical- speed  shafting,  since  the  electrical  theories  are 
so  highly  developed. 

Once  a  suitable  high-speed  shaft  system  has  been  designed,  sim¬ 
ilar  operation  can  be  achieved  with  shafts  of  other  dimensions  and  ma¬ 
terials  by  applying  modeling  equations  developed  in  the  research  program. 
Use  of  these  equations  can  provide  dynamically  similar  operation  of  dis¬ 
similar  shafts  by  adjustment  of  damper  parameters. 

Application  of  torque  to  high-speed  shafting  has  been  studied  both 
theoretically  and  experimentally.  Although  theory  predicts  a  lowering  of 
shaft  critical  speed,  experiment  has  not  shown  this  to  be  so.  The  applica¬ 
tion  of  torque  has  shown  a  tendency,  however,  to  cause  a  "corkscrew" 
shape  at  torsional  shear  stresses  near  the  yield  point  of  the  material. 

But  neither  the  application  of  steady-state  nor  intermittently- applied 
torque  has  caused  a  change  in  lateral  critical  speed  or  vibration  amplitude. 

Theory  and  experiment  have  shown  that  critical  speed  varies  with 
axial  shaft-end  loading.  Tension  on  the  shaft  ends  increases  critical 
speed,  and  compression  decreases  it. 

Experimental  work  has  been  conducted  using  shafts  coated  with 
damping  materials  in  order  to  reduce  vibration  amplitude.  An  improve¬ 
ment  was  noted  in  shaft  operation  at  the  lower  critical  speeds.  Operation 
was  totally  unsatisfactory,  however,  at  higher  speeds. 

Compared  with  solid  shafts,  tubing  has  the  ability  to  transmit  the 
same  degree  of  power  but  with  higher  critical  speeds  and  with  decreased 
shaft  weight.  The  resulting  decrease  in  weight  would  appear  highly  de¬ 
sirable  in  applications  to  aircraft.  All  of  the  research  results  are  equally 
applicable  to  the  design  of  solid  and  tubular  shafts. 

Research  has  shown  that  hypercritical- speed  shafting,  with  its 
associated  advantage  in  weight,  is  a  very  practical  and  feasible  means 
of  transmitting  power.  With  today's  high-speed  power  sources  it  is  es¬ 
pecially  attractive,  since  considerable  weight  could  be  pared  from  engines 
and  gearing  by  transmitting  power  at  the  same  high  speed  as  it  is  produced. 


INTRODUCTION 


For  u-.-.v  rotating  sli  lit  tin-re  exists  a  series  of  discrete  speeds, 
call-'d  critical  speeds,  at  whuh  the  centrifugal  force;  resulting  from  un¬ 
balance  causes  progressively  greater  shaft  deflection.  The  elastic  re¬ 
storing  forces  developed  as  tin  shaft  deflects  are  overcome  by  the  cen¬ 
trifugal  force  developed  by  the  deflected  shaft.  Extremely  large  deflec¬ 
tions  and  even  destruction  of  the  shaft  and  its  bearings  can  result  from 
operation  at  these  speeds,  and  for  this  reason  designers  of  power  trans¬ 
mission  equipment  normally  avoid  the  problem  by  operating  shafts  below 
their  fi  rst  c ritic al  speed. 

There  are,  of  course,  disadvantages  to  restricting  operation  to 
below  the  first  critical  speed.  For  transmitting  a  given  horsepower, 
torque  and  consequently  shaft  si/.e  must  be  increased  as  operating  speed 
is  reduced,  in  cast  ot  long  shafts,  the  shaft  size  may  be  increased  a- 
hove  that  si/e  required  to  transmit  the  torque  simply  to  raise  the  first 
critical  speed  above  the  operating  speed  range.  Alternatively,  the  shaft 
size  may  be  determined  by  the  torque  loading,  but  additional  bearings 
may  be  installed  to  support  the  shaft  and  thereby  raise  its  first  critical 
speed.  On  a  relatively  stiff  shaft  with,  closely  spaced  bearings,  flexible 
couplings  are  often  required  at  each  bearing.  The  major  disadvantage 
of  these  conventional  design  practices  applied  to  aircraft  is  the  weight 
penalty. 


Recognition  of  the  potential  weight  reductions  achievable  through 
the  use  of  hypercritical  -  speed  power  transmission  shafting  has  led  the 
Air  Force  and  the  Army  Transportation  Corps  to  sponsor  a  research 
program  at  Bat'ellc  Institute  to  determine  the  feasibility  of  such  shafts. 

The  STOL  and  VTOL  aircraft  in  winch  these  shafts  are  ultimately  to  be 
applied  require  the  transmission  of  high  horsepowers  over  distances  of 
many  feet  by  mechanical  shafting.  Significant  weight  savings  in  these 
aircraft  will  be  accompanied  by  important  gains  in  performance. 

This  technical  paper  is  a  progress  report  covering  the  most  sig¬ 
nificant  findings  of  the  first  year's  research  on  hypercritical- speed  shaft 
performance  and  design,  during  which  the  feasibility  of  these  shafts  has 
been  convincingly  demonstrated.  The  equipment  used  for  experiments 
with  reduced- scale  power  transmission  shafts  is  discussed,  along  with 
a  condensation  of  the  most  pertinent  experimental  results.  Dynamic 
scaling  relationships,  by  which  full-scale  shaft  performance  can  be  dem¬ 
onstrated  through  experiments  with  shaft  models,  are  presented.  A  new 
method  of  hypercritical  -  speed  shaft  design  based  upon  an  electrical  analog 
is  described. 
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EXPERIMENTAL  PROGRAM 


Experimental  High-Speed  Shaft  Mac  hint: 

In  order  to  obtain  useful  information  concerning  hypercritical- 
speed  power  transmission  shaft  operation  it  was  necessary  to  design  and 
build  a  shaft  test  machine.  Since  investigation  of  full-scale  power  trans¬ 
mission  shafts  would  have  involved  excessive  cost,  it  was  decided  at  the 
outset  of  the  program  to  conduct  the  research  with  reduced- scale  shafts 
and  to  incorporate  a  modeling  procedure  to  relate  the  information  ob¬ 
tained  to  full- sized  shafts. 

Figure  1  is  a  schematic  diagram  of  the  machine.  Essentially  the 
machine  consists  of  a  straight  bed  to  hold  the  spindle  assemblies  and  the 
intermediate  shaft  support  bearings,  and  an  electronically- governed  var¬ 
iable-speed  drive  to  rotate  the  shafts.  The  bed  is  capable  of  accepting 
commercially  available  shafts  12  feet  in  length,  and  the  spindles  and  inter¬ 
mediate  support  assemblies  accept  shaft  diameters  1/2  inch  and  smaller. 
The  support  assemblies  are  designed  to  provide  adjustment  of  damping 
and  spring  rate  with  the  least  possible  difficulty.  Intermediate  supports 
and  the  brake-head  spindle  assembly  can  be  moved  and  clamped  to  the 
ued  at  desired  distances  from  the  drive-head  spindle  assembly.  Guards 
which  limit  shaft  vibration  amplitude  can  also  be  clamped  at  desired  dis¬ 
tances  along  the  bed.  The  drive-head  assembly  rotates  the  shaft  at  var¬ 
ious  speeds,  and  is  belt  driven  from  the  variable-speed  drive  mechanism. 
Also  at  the  drive-head  assembly  is  a  stroboscope  actuator  which  permits 
observation  of  the  shaft  by  stroboscope  either  once  or  twice  per  shaft 
revolution. 

The  drive  mechanism  consists  of  two  7-1/2-horsepower  motors 
powering  two  eddy-current  clutches.  This  double  assembly  was  adapted 
from  a  previous  research  program,  and  the  fact  that  two  motors  and  two 
clutches  were  used  is  not  significant  to  this  machine.  The  clutches  trans¬ 
mit  power  to  a  common  shaft.  Power  is  transmitted  by  belt  to  a  speed- 
change  mechanism  consisting  of  two  pulley  assemblies,  and  from  there  to 
the  drive-head  assembly.  By  varying  clutch  output  speed  and  by  changing 
speed  ratio  in  the  two  pulley  assemblies,  drive-head  spindle  speed  may 
be  varied  from  zero  to  nearly  SO,  000  rpm  with  considerable  horsepower 
available  at  the  drive-head  spindle.  The  highest  speed  achieved  with  an 
experimental  shaft  is  45,  500  rpm. 

Speed  is  regulated  by  controlling  eddy-current  clutch  excitation. 
The  control  box,  which  mounts  a  direct- reading  tachometer  and  a  poten¬ 
tiometer  to  change  shaft  speed,  may  be  carried  by  the  operator  to  any 
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position  along  the  test  bed.  Because  of  the  varying  power  requirements 
of  test  shafts  as  they  are  brought  up  through  critical  speeds,  an  electronic 
speed  governor  is  incorporated  in  the  speed  control  system  to  maintain 
selected  operating  speeds  with  negligible  drift. 

Figure  2  is  a  schematic  diagram  of  the  intermediate  support  bear¬ 
ing  and  damper  assembly.  The  intermediate  support  consists  of  two 
heavy  square  plates,  one  of  which  is  bolted  to  a  lathe  steady-rest.  The 
plates  are  bolted  together  parallel  to  each  other  with  ground  spacers  be¬ 
tween  them  to  provide  the  necessary  oil  film  thickness  for  support  damp¬ 
ing.  An  0.  018- inch- thick  flexure  plate,  which  mounts  the  support  bear¬ 
ing,  is  sandwiched  between  the  heavy  outer  plates.  By  filling  the  gap  be¬ 
tween  the  outer  plates  and  flexure  plate  with  a  damping  fluid  such  as  oil', 
anti  clamping  the  test  shaft  in  the  support  bearing  bore,  viscous  damping 
forces  are  generated  when  the  vibrating  shaft  causes  the  damper  assembly 
to  move  laterally.  The  damping  factor  may  be  changed  by  inserting 
spacers  of  different  thickness  between  the  outer  plates  or  by  using  damp¬ 
ing  fluid  of  different  viscosity. 

The  flexure  plate  to  which  the  support  bearing  is  fastened  is  lat¬ 
erally  supported  at  its  four  corners  by  four  springs.  Adjusting  the  lat¬ 
eral  flexibility  of  the  support  can  be  done  either  by  changing  to  springs 
of  a  different  spring  rate  or  by  changing  the  point  at  which  the  springs 
are  clamped. 

Four  circumferential  slots  have  been  cut  in  the  flexure  plate  at  a 
slightly  larger  diameter  than  the  support  bearing  housing.  The  slots  re¬ 
duce  the  bending  stiffness  of  the  flexure  plate  to  minimize  its  effect  on 
shaft  behavior.  Tests  show  that  the  intermediate  support  does  not  act 
strictly  as  a  simple  support,  but  has  some  moment  absorbing  ability. 

The  initial  angular  motion  of  the  bearing  is  practically  free  from  moment 
restraint  due  to  the  built-in  radial  clearance  in  the  Barden  support  bear¬ 
ings.  After  the  free  motion  is  taken  up  in  the  bearing,  moment  restraint 
increases  due  to  bending  of  the  flexure  plate. 

Experimental  Results 

Numerous  experiments  conducted  upon  the  high-speed  shaft  test 
machine  have  shown  that  transmission  shafts  can  be  operated  dependably 
at  and  above  their  first  critical  speeds.  Although  most  tests  were  con¬ 
ducted  with  a  standard  steel  shaft  size  of  1/ 4-inch- diameter  and  89.  3 
inches  long,  the  modeling  procedure  developed  during  the  research  pro¬ 
gram  permits  similar  operation  to  be  obtained  with  any  other  shaft  dia¬ 
meter  and  length. 
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SCHEMATIC  DIAGRAM  OF  INTERMEDIATE  SUPPORT  DAMPER 
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In  t'.u'h  test  scries  the  i nU- rmediate  support  or  supports  were  ad¬ 
justed  to  provide  .t  certain  value  of  lateral  spring  rate  and  damping. 

Then,  for  each  discrete  location  of  the  intermediate  support,  shaft  speed 
was  increased  through  a  rather  wide  range  while  vibration  behavior  was 
noted.  The  support  was  repositioned  along  the  shaft  in  small  steps  in 
order  to  furnish  a  continuous  plot  of  shaft  vibration  control  with  respect 
to  dampe  r  1  oc ati on. 

Figure  3  is  a  graph  of  the  most  successful  single  intermediate 
support  test  results,  with  shaft  speed  plotted  against  damper  location. 

For  each  support  location  an  upper  and  lower  limiting  speed  was  observed 
at  which  shaft  vibration  amplitude  equaled  or  exceeded  3/8  inch  peak-to- 
peak.  Between  the  two  limiting  speeds  there  occurred  a  speed  range  in 
which  shaft  vibrations  were  well  controlled,  with  amplitudes  less  than 
3/8  inch  peak-to-peak.  The  limiting  speeds  for  each  support  location 
form  an  envelope  which  describes  satisfactory  shaft  operating  speeds 
with  respect  to  support  location  along  the  shaft.  All  of  the  single  sup¬ 
port  test  series  showed  the*  best  operating  speed  range  to  be  obtained 
with  the  support  loeateef  toward  a  shaft  end. 

Referring  again  to  Figure  3,  with  the  support  located  at  5.  05 
per  cent  of  shaft  length  from  one  end,  vibration  control  was  satisfactory 
from  zero  speed  to  22,  000  rpm.  This  corresponds  approximately  to  the 
twelfth  critical  speed  of  an  unsupported  shaft.  Moving  the  support  to 
3.  36  per  cent  of  shaft  length  from  one  end  increased  the  satisfactory 
top  speed  to  Zb,  000  rpm,  but  with  diminished  low  speed  vibration  control. 
Support  spring  constant  and  damping  factor  in  this  test  series  were  K  = 
11.6  pounds  per  inch  and  C  -  1.7  36  pound- second  per  inch. 

In  the  two-support  tests  highest  speed  operation  was  again  attained 
with  supports  located  toward  each  shaft  end.  However,  during  some 
tests  vibration  was  so  violent  that  in  two  cases  shafts  were  bent.  More 
dependable  operation  was  obtained  with  one  support  close  to  a  shaft  end 
and  the  other  near  mid-span  as  indicated  in  Figure  4.  A  noteworthy 
feature  of  this  arrangement  is  that  vibration  amplitude  control  is  not  par¬ 
ticularly  sensitive  to  location  of  the  center  support.  With  one  support 
located  at  3.  36  per  cent  of  shaft  length  and  the  other  positioned  between 
4 2  and  49  per  cent  from  the  other  shaft  end,  double  amplitudes  were 
limited  to  less  than  1/4  inch  from  approximately  2000  to  25,  000  rpm. 
Damping  values  and  spring  rates  were  the  same  as  used  in  the  best  sin¬ 
gle-support  test:  K  -  11.6  pounds  per  inch  and  C  ■  1.736  pound-second 
per  inch. 
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Shaft  Speed,  rpm 


FIGURE  3.  SHAFT  SPEED  VERSUS  SINGLE  DAMPED  SUPPORT  LOCATION  FOR  A 
1/4-INCH  DIAMETER,  89.3-INCH  LONG  STEEL  SHAFT  WITH 
CLAMPED  ENDS 


Support  Characteristics:  K  =  11.6  lb/in;  C=  1. 736  lb-sec/in. 
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Another  two-support  test  conducted  with  the  same  support  flex¬ 
ibility,  K,  but  with  1  1  per  cent  as  much  damping  showed  the  similar  trend 
of  best  attainable  operating  speed  range  with  dampers  set  close  to  each  end. 
However,  the  highest  operating  speed  was  just  17,  S00  rpm.  The  conclusion 
to  be  reached  here  is  that  the  damping  was  not  sufficiently  high  to  provide 
best  ope  ration. 

Tests  with  three  supports  showed  decreasing  ability  to  control 
vibration  at  high  speeds.  All,  however,  controlled  low- speed  amplitudes 
well  enough.  In  experiments  completed  to  date,  much  more  successful 
high-speed  shaft  operation  has  been  achieved  with  one  or  two  damped  sup¬ 
ports  than  with  three. 

DYNAMIC  SCALING  PROCEDURE 


The  relationships  between  shaft  and  support  parameters  for  sim¬ 
ilar  dynamic  behavior  were  demonstrated  during  the  research  program. 

By  applying  these  relationships  to  determine  the  appropriate  support  char¬ 
acteristics,  shafts  of  dissimilar  dimensions  and  materials  will  have  dynam¬ 
ically  similar  behavior.  For  instance,  a  1/4-inch-diameter,  89.3-inch- 
long  steel  shaft  has  been  run  dependably  to  the  twelfth  critical  speed  using 
a  single  damped  intermediate  support.  With  the  proper  adjustment  of  the 
support,  shaft  of  any  other  size  and  material  could  be  run  dependably  to 
its  twelfth  critical  speed. 


The  relations  which  define  dynamically  similar  shaft  behavior  are 
shown  below.  The  numerical  subscripts  refer  to  each  separate  shaft  system. 
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where 


W  -  support  bearing  weight,  lb. 


Shaft  Speed,  rpm 


a- Indicates  operating  speed  range  to  be 
higher  than  this  maximum  test  speed. 
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FIOURE  4.  SHAFT  SPEED  VERSUS  SUPPORT  LOCATION 

One  support  fixed  at  3.36  per  rent  from  one  end, 
other  support  varied  from  other  end  toward  shaft 
mid-point.  1/4-inch  diameter  steel  shaft  89.3 
inches  long  with  clamped  ends.  K  =  11.6  lb/in, 

C  =  T.  736  lb-sec/in. 
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X  -  location  of  support  from  shaft  end  with  respect  to  over-all 
shaft  length 

Ws  _  shaft  weight,  lb. 

K  ~  characteristic  shaft  lateral  stiffness,  measured  at  center  of 

®  1 K 

shaft  span,  _L2_ 

in. 

Cg  =  characteristic  shaft  critical  damping  value,  sec 


When  the  parameters  of  two  high-speed  shaft  systems  are  related 
in  the  above  manner  the  dynamic  behavior  of  the  shafts  will  be  similar. 
These  relationships  permit  the  extrapolation  of  design  data  from  successful 
small-scale  tests  to  large-scale  shaft  applications.  The  relationships  es¬ 
tablished  for  scaling  purposes  are  totally  compatible  with  the  design  by 
electrical  analogy. 

HIGH-SPEED  SHAFTING  DESIGN  BY  ELECTRICAL  ANALOGY 


Conventional  methods  of  analysis  of  high-speed  shaft  behavior 
have  been  used  with  considerable  success  in  the  digital  computer  analyses 
conducted  throughout  this  research  program.  Although  the  conventional 
analysis  procedures  permit  accurate  calculation  of  critical  speeds  and 
shaft  deflections,  they  arc  somewhat  cumbersome  as  aids  to  high-speed 
shafting  design.  An  analytical  approach  to  high-speed  shafting  design  was 
therefore  sought  which  would  provide  more  insight  into  the  manner  in  which 
shaft  vibration  is  related  to  the  dynamic  parameters  of  the  shaft  and  its 
intermediate  support  bearings. 

The  general  arrangement  of  the  high-speed  shafts  and  their  sup¬ 
ports  studied  in  this  program  is  shown  in  Figure  5-a.  As  indicated  in  the 
figure  the  ends  of  the  shafts  were  rigidly  supported  in  the  spindles  of  the 
testing  machine.  For  the  purposes  of  developing  a  suitable  analogy  this 
shaft  configuration  was  considered  equivalent  to  the  configuration  shown  in 
Figure  5-b,  where  the  rigidly  clamped  shaft  ends  are  replaced  by  a  spring- 
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mass  combi mitmi  .  I\>  justifv  tins  change  the  following  reasoning  was  em¬ 

ployed;  For  each  critical  speed  of  the  fixed-ended  shaft  a  shorter  shaft 
having  simply- supported  ends  can  he  found  which  has  the  same  critical 
speed.  The  fixed-ended  shaft  is  therefore  considered  equivalent  to  a  sim¬ 
ply-supported  shaft  joined  at  each  end  to  a  short  cantilever  beam.  The 
springs  and  masses  shown  in  Figure  h-b  attached  to  the  ends  of  the  shafts 
are  equivalent  to  the  effective  masses  and  spring  rates  of  the  short  canti¬ 
levered  ends  of  the  shaft  in  Figure  S-a  . 

The  mechanical  system  shown  in  Figure  5-b  is  considered  equiv¬ 
alent  to  the  electrical  system  shown  in  Figure  S-c  for  the  purposes  of  es¬ 
tablishing  an  analogy  to  electrical  transmission  lines.  In  Figure  5-c  the 
spring-mass  combination  representing  the  fixed  ends  of  the  shaft  has  been 
replaced  by  a  capacitance  and  inductance  combination.  At  an  equivalent 
distance  in  vibration  wave  lengths  down  the  transmission  line  from  the  end, 
a  combination  of  capacitance,  resistance,  and  inductance  is  placed  in 
series  with  the  line  to  represent  the  dynamic  characteristics  of  the  shaft 
support  bearing.  Each  additional  shaft  support  bearing  is  replaced  by  its 
analogous  resistance,  capacitance,  and  inductance  at  the  correct  distance 
in  wave  lengths  from  the  end  of  the  transmission  line.  It  should  be  noted 
here  that  for  purposes  of  wave  length  measurements  along  the  line,  the 
end  of  the  mechanical  shaft  is  considered  to  lie  at  the  juncture  between  the 
equivalent  simple  beam  and  the  equivalent  cantilever  as  shown  in  Figure 
S-  a. 


For  efficient  energy  transfer  in  high-frequency  electrical  trans¬ 
mission  lines  the  load  on  the  transmission  line  is  designed  to  appear  purely 
resistive  at  the  operating  frequency,  and  to  have  a  resistance  value  equal 
to  the  characteristic  impedance  of  the  transmission  line.  In  the  case  of 
the  high-speed  shaft  the  load  to  which  vibratory  energy  is  to  be  delivered 
is  the  damper  located  at  the  intermediate  support  bearing.  One,  two,  or 
more  intermediate  support  bearings  may  be  used. 

It  order  to  determine  the  impedance  matching  ability  of  inter¬ 
mediate  supports  ('n  a  vibrating  shaft,  certain  relationships  between  me¬ 
chanical  and  electrical  quantities  were,  developed.  The  characteristic  im¬ 
pedance  of  the  vibrating  shaft  at  any  critical  speed  has  been  determined 
to  be; 


Zc  ,  DZ  (Df)1/Z  , 

where 

D  -•  solid  steel  transmission  shaft  diameter,  in. 
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FIGURE  5. 


DEVELOPMENT  OF  AN  ANALOGY  BETWEEN  A  HIGH-SPEED  SHAFT  AND 
AN  ELECTRICAL  TRANSMISSION  FINE 
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The  reactance  at  the  shaft  end  is  the  sum  of  the  reactive  components  of 
the  equivalent  cantilever  mass  and  spring  rate: 

-jK 

-_.4; _ -j-j-  71  fMc 

1JU 


who  re 


X 

e 


reactance  at  shaft  end, 


1  b- sec 

in. 


K 


spring  rate  measured  at  the  end  of  cantilever,  - 

in. 


M  concentrated  equivalent  mass  at  the  end  of  cantilever, 
lb- sec/ 
in. 

rev 

f  =  critical  speed  being  examined,  - 

sec 


The  reactance  of  the  intermediate  support  is  given  as: 


where 


X  =  a.  j[fM 

«  LJl  f  T 


Xn  =  reactance  at  support  bearing, 


lb- sec 


in. 


K  -  support  spring  rate, 


lb 


in. 


M  support  bearing  mass, 


lb- sec* 


in. 


* 


V 


The  reactance,  X  ,  of  the  equivalent  cantilever  viewed  from  the  sipport 
is  found  by  a  different  method;  by  use  of  the  Smith  Chart  which  is  shown  in 
Figure  6.  The  Smith  Chart  is  a  complex  plot  of  load  impedance  on  a  trans¬ 
mission  line  as  seen  from  various  points  along  the  line.  In  addition,  the 
Smith  Chart  indicates  a  value  of  voltage  standing  wave  ratio  (VSWR)  for  » 

each  value  of  load  impedance.  To  make  use  of  the  Smith  Chart  all  react¬ 
ance  values,  such  as  XQ  and  Xn,  must  be  "normalized"  by  dividing  by  the 
characteristic  shaft  impedance  />c. 
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The  procedure  for  using  tin1  Smith  Chart  for  calculations  of  high¬ 
speed  shaft  performance  is  as  tollow.s: 

(1)  After  the  reactance  at  the  shaft  end,  X  ,  is  calculated,  it 
may  he  located  on  the  Smith  Chart,  Radial  line  A  in  Figure 
()  passes  through  a  typical  value  of  X(1  as  indicated. 

(Z)  A  reference  location  on  the  wave  length  circle,  aty^e,  is  also 
identi fied  by  line  A. 

(  })  The  distance  in  wave  lengths  from  the  reactance  at  the  shaft 
end  to  the  intermediate  support  bearing  is  next  determined. 
This  number  of  wave  lengths  is  then  added  to  ,  giving 
^  ,  and  radial  line  A  is  rotated  clockwise  to  ?he  position 

of  radial  line  B  which  passes  through  \  on  Figure  6,  It 
should  be  noted  that  one  full  revolution  around  the  chart 
corresponds  to  a  distance  of  one-half  wave  length  along  the 
shaft. 

(4)  The  value  Xcn  identified  by  radial  line  B  in  Figure  6  is  the 
reactam  :  of  the  shaft  end  restraint  as  seen  from  the  loca¬ 
tion  of  the  support  bearing. 

(5)  To  the  value  of  X  is  added  the  previously  calculated  value 
of  Xn>  plus  the  normalized  resistive  component  of  impedance 
at  the  support  bearing  representing  the  damper.  This  total 
impedance  value  at  the  support  bearing,  is  then  located 
on  the  Smith  Chart,  as  at  point  C  in  Figure  6. 

(6)  On  the  Smith  Chart  an  arc  can  then  be  drawn  from  point  C 
to  the  righthand  section  of  the  horizontal  centerline,  at 
point  D  in  Figure  6.  Point  D  gives  the  value  of  voltage 
standing  wave  ratio  (VSWR)  for  an  electrical  transmission 
line.  This  quantity  expresses  the  relative  severity  of  vi¬ 
bration  on  the  high  speed  shaft.  The  optimum  value  of 
VSWR  is  one,  indicating  no  standing  waves. 

When  the  above  procedure  is  followed  in  designing  a  damped 
support  for  a  high-speed  shaft,  it  is  possible  to  select  values  of  the  sup¬ 
port  spring  rate,  mass,  damping,  and  location,  so  that  Xen  +  Xn  =  0, 
and  the  resistive  component  contributed  by  support  damping  equals  Zc, 
at  any  one  selected  critical  speed.  This  produces  a  VSWR  of  one  at  that 
critical  speed,  and  produces  minimum  shaft  vibration.  The  VSWR  can 
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tlii-ii  Ik:  calculated  by  tlu:  above  procedure  at  othe  r  critical  speeds  to  judge 
the  degree  of  shaft  vibration  to  be  expected.  The'limited  work  completed 
to  date  has  not  established  limiting  values  of  VSWR,  although  values  under 
ten  appear  to  be  satisfactory  with  the  commercial  quality  shafting  being 
used  in  experiments. 

In  the  limited  time  which  remained  in  the  research  program 
following  development  of  the  electrical  analogy  an  experiment  was  conduc¬ 
ted  to  demonstrate  the  validity  of  the  procedure.  A  steel  shaft  1/2  inch 
in  diameter  and  MH  inches  long  was  equipped  with  two  damped  support  bear¬ 
ings.  One  of  these  damped  support  bearings  was  designed  by  arbitrary 
choice  to  provide  correct  impedance  matching  at  the  sixth  critical  speed. 
Table  1  lists  values  calculated  for  the  VSWR  at  the  first  nine  critical  speeds 
with  one  damper  provided. 

TABLE  1.  VALUES  OF  VSWR  PREDICTED  FOR  SHAFT  OP¬ 
ERATION  WITH  ONE  DAMPED  SUPPORT  BEARING 
AT  THE  CRITICAL  SPEED  INDICATED,  FOR  EX¬ 
PERIMENTAL  SHAFT  138  INCHES  LONG  AND  1/2 
INCH  IN  DIAMETER 


Critical  Speed 

1st  2nd 

3rd 

4  th 

5th 

6th 

7  th 

8  th 

9th 

VSWR  for  support  optimi/.cd 
for  sixth  critical 

29.  4 .  5 

2.  0 

19. 

3.  8 

1.0 

2.4 

8.  5 

33. 

VSWR  for  support  optimi/.cd 
for  fourth  c  ritical 

3.  0  --- 

1.0 

5.9 

80. 

The  table  shows  high  values  of  VSWR  at  the  1st,  4th,  and  9th  criti¬ 
cal  speeds  when  the  support  is  optimi/.cd  for  the  6th  critical.  It  was  there¬ 
fore  decided  to  add  a  second  damped  support  bearing  designed  for  optimum 
performance  at  the  4th  critical  speed.  Values  of  VSWR  were  then  calcu¬ 
lated  for  operation  with  the  second  bearing  alone,  at  the  1st,  8th,  and  9th 
critical  speeds.  Obviously  the  second  bearing  gives  a  low  VSWR  at  the 
speed  for  which  it  was  designed,  but  it  was  also  effective  in  lowering  the 
VSWR  at  the  1st  and  the  8th  critical  speeds.  At  the  ninth,  however,  a  high 
value  of  VSWR  was  obtained. 

Experimental  operation  of  the  shaft  fully  confirmed  the  predictions 
of  performance.  Very  smooth,  vibration- free  running  was  obtained  at 


speeds  1 1 1 1  to  11,0(10  rpm.  The  predicted  9th  critical  speed  was  11,  300  rpm. 
A  noisy  vibration  developed  at  the  Oth  critical  speed,  but  it  was  possible 
to  operate  at  and  to  exceed  this  speed  without  damage  to  the  shaft  or  the 
machine.  As  speed  was  increased  noise  was  detected  at  several  discrete 
speeds,  but  successful  shaft  operation  was  achieved  up  to  45,  500  rpm, 
the  top  speed  that  the  test  machine  could  reach,  limited  by  belt  slippage. 
This  speed  is  between  the  lHth  and  19th  critical  speeds  of  the  shaft  tested. 

Work  planned  for  the  future  in  regard  to  high  speed  shafting  design 
by  electrical  analogy  includes: 

(1)  A  more  comprehensive  experimental  verification  of  the  design 
procedure  already  established. 

(2)  Additional  analysis  and  experimentation  regarding  the  effect 
of  shaft  end  restraints. 

(3)  Establishment  of  optimum  design  procedures  for  one  and  two 
damped  support  bearings  for  shaft  operation  over  a  wide  speed  range. 

(4)  Determination  of  safe  allowable  values  of  VSWR  relative  to 
initial  shaft  crookedness. 

With  the  data  obtained  from  the  planned  future  work  it  is  expected  that  a 
straight-forward  design  procedure  will  be  established  which  will  permit 
prediction  with  good  accuracy  of  the  satisfactory  operating  speed  range 
of  hypercritical  speed  power  transmission  shafts. 

OTHER  RESEARCH  AREAS 

Application  of  torque  to  high-speed  shafting  has  been  studied  both 
theoretically  and  experimentally.  Although  theory  predicts  a  lowering  of 
shaft  critical  speed  as  torque  is  applied,  experiment  has  not  shown  this 
to  be  so.  The  application  of  torque  has  shown  a  tendency,  however,  to 
cause  a  "corkscrew"  shape  in  the  shaft  at  torsional  shear  stresses  near 
the  yield  point  of  the  material.  But  neither  the  application  of  steady- 
state  nor  intermittently  applied  torque  has  caused  a  change  in  lateral 
critical  speed  or  vibration  amplitude.  Additional  experimental  work  is 
planned  to  confirm  these  findings. 

Theory  and  experiment  have  both  shown  that  critical  speed  varies 
with  axial  shaft-end  loading.  Tension  on  the  shaft  ends  increases  criti¬ 
cal  speed,  and  compression  decreases  it.  Additional  work  will  be  con¬ 
ducted  to  relate  axial  load  and  critical  speed  in  a  quantitative  manner. 
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Expe rimental  work  has  been  conducted  us i ng  shafts  coated  with 
damping  materials.  An  improvement  was  noted  in  shaft  operation  at  the 
lower  critical  speeds.  Operation  was  totally  unsatisfactory,  however, 
at  higher  speeds.  This  behavior  results  from  the  fact  that  the  shaft  does 
not  flex  repeatedly  when  running  at  a  critical  speed,  hence  little  energy 
is  dissipated  in  the  coating. 

CONCLUSIONS 

In  the  past  year,  research  conducted  with  high-speed  power  trans¬ 
mission  shafts  has  produced  significant  results.  The  major  conclusions 
to  be  drawn  are: 

(1)  Power  transmission  by  shafts  operating  at  speeds  above  their 
first  critical  is  practical,  since  one  or  two  dampers  strategi¬ 
cally  located  along  the  shaft  have  been  shown  to  limit  vibration 
very  effectively. 

(Z)  A  systematic  procedure  for  the  design  of  shaft  dampers  using 
an  electrical  analogy  has  been  developed.  The  initial  experi¬ 
mental  verification  of  the  design  procedure  showed  excellent 
performance.  Using  this  procedure  in  a  given  power  trans¬ 
mission  situation  it  is  believed  that  a  system  of  dampers  can 
be  designed  to  prohibit  excessive  and  dangerous  vibration  of 
any  shaft  at  the  desired  operating  speeds.  Added  experimental 
verification  of  this  design  procedure  is  planned. 

(3)  Once  a  suitable  high-speed  shaft  system  has  been  designed  and 
demonstrated,  similar  operation  can  be  achieved  with  shafts 
of  other  dimensions  and  materials  by  applying  modeling  equa¬ 
tions  developed  in  this  program.  Use  of  these  equations  can 
provide  dynamically  similar  operation  of  dissimilar  shafts  by 
adjustment  of  damper  parameters. 

In  short.,  hypercritical- speed  shafting,  with  its  associated  advan¬ 
tage  in  weight,  is  a  very  practical  and  feasible  means  of  transmitting 
power.  With  today's  high-speed  power  sources  it  is  especially  attractive, 
since  considerable  weight  can  be  pared  from  shafts,  bearings,  and  gear¬ 
ing  by  transmitting  power  at  the  same  speed  as  it  is  produced. 
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DYNAMIC  RESPONSE  OK  MILEIAKY  BRIDGES 


W  .  Cl.  ( ,c i r  i «•  y ,  1st  lA.,  G E 


AMS  I  RAC  1 

This  paper  presents  the  results  of  dynamic  loading  tests  on  three 
luU-s  .a  bridge  strtii  tores  li  sted  at.  the  U.  S.  Army  Engineer  Research 
and  Development  Laboratories.  These  structures  include  two  steel  I-beam 
bridges  with  7  K  -  It  spans  and  an  aluminum  truss  bridge  with  a  1 0  S  -  ft  span. 
Dynamic  loads  wore  simulated  by  vibrating  the  bridges  at  their  natural 
! requeue 1 e S  . 

Stresses  obtained  from  measured  strains  and  periods  of  vibration 
are  compared  with  those  i  omputed  for  each  structure.  In  each  case,  com¬ 
puted  stresses  were  within  0.  S  ksi  of  those  measured.  The  observed  pe¬ 
riod  of  vibration  for  each  bridge  was  in  good  agreement  with  the  computed 

value . 


The  observed  fatigue  behavior  of  each  of  the  three  structures  was 
compared  wit.li  that  which  would  be  predicted  from  laboratory  tests  on 
small  specimens  of  steel  and  aluminum.  Laboratory  tests  indicate  that 
the  steel  I-beam  structures  should  withstand  more  than  two  million  cycles 
of  the  applied  stress.  Thus,  the  lack  of  failure  of  the  test  structures  is 
in  agreement  with  the  predicted  behavior.  Although  the  aluminum  truss 
structure  failed  at  a  slightly  lower  number  of  cycles  than  would  be  pre¬ 
dicted  by  tests  on.  smaller  specimens,  the  difference  was  within  the  limits 
i  t  error  ot  the  data  obtained  f'-em  the  laboratory  tests.  In  general,  the 
behavior  of  each  ot  the  three  structures  was  in  agreement  with  that  pre¬ 
dieted. 


1.  INTRO  DUG’  ITON 
1.  I  Object 

I  he  safety  factors  normally  used  in  civilian  bridge  design  limit  the 
allowable  stresses  to  a  point  where  fatigue  is  seldom  a  controlling  factor. 


1st.  Lieutenant  William  Gene  Corley,  Project  Engineer,  Bridge  Branch, 
Bridge  and  Marine  Group,  USAERDL,  Fort  Belvoir,  Virginia 


Tin-  development  of  lightweight  transportable  bridges  to  meet  the  modern 
Army's  demands  for  increased  mobility  has  necessitated  the  use  of  high 
strength  material  and  high  allowable  stresses,  i.e.,  80%  of  yield  strength. 
Thus  the  stress  range  in  a  military  bridge  is  much  larger  than  the  stress 
range  found  in  a  civilian  type  bridge.  Since  fatigue  is  influenced  both  by 

*  the  number  of  load  repetitions  and  the  range  over  which  the  stress  is  ex¬ 
pected  to  vary,  the  possibility  of  fatigue  failures  in  military  bridges  is  in¬ 
creased  and  must  be  investigated  during  design. 

*  Although  a  large  amount  of  data  is  available  on  the  fatigue  behavior  of 
structural  grade  steel  and  a  few  of  the  more  common  aluminum  alloys, 
relatively  little  is  available  on  recently  developed  high  strength  steels  and 
aluminum  alloys.  In  addition,  there  are  very  few  tests  reported  which 
correlate  the  behavior  of  small  laboratory  specimens  with  that  of  actual 
structures. 

In  this  paper,  the  results  of  dynamic  loading  tests  on  three  full-size 
structures  are  reported.  Measured  strains  and  periods  of  vibration  are 
compared  with  those  computed  for  each  structure.  In  addition,  the  fatigue 
life  of  each  bridge  is  compared  with  that  which  would  be  predicted  from 
laboratory  tests  on  small  specimens  of  steel  and  aluminum. 

1.  2  Scope 

<  The  tests  reported  in  this  paper  were  carried  out  on  two  steel  I-beam 

bridges  with  7  8  -  ft  spans  and  one  aluminum  truss  bridge  with  a  1 0  5  -  ft  span. 
All  tests  were  carried  out  at  the  U.  S.  Army  Engineer  Research  and  De¬ 
velopment  Laboratories,  Fort  Belvoir,  Virginia.  The  I-beam  bridges  con- 

*  sisted  of  two  pair  of  40- ft  beams  connected  with  bolted  joints  at  the  center¬ 
line  of  the  span.  The  aluminum  truss  span  was  made  up  of  two  parallel 
trusses  each  of  which  contained  seven  15-ft  panels.  The  panels  were  joined 
by  means  of  removable  steel  pins.  Aluminum  alloy  2014- T6  was  used  to 
fabricate  the  truss  panels. 

2.  DESCRIPTION  OF  TESTS 

2. 1  General 

Any  elastic  system  can  be  forced  to  oscillate  at  its  natural  frequency 

4  by  the  application  of  an  external  alternating  force  with  the  same  frequency. 

In  an  ideal  system  with  no  damping,  the  amplitude  of  vibration  would  in¬ 
crease  without  limit  regardless  of  the  magnitude  of  the  applied  force.  In 

t  a  system  with  damping,  the  amplitude  of  vibration  will  remain  a  finite 
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.  ,i!  iic  i  !  i  hr  i  \l  u  rt.nl  I  \  ,i|ijtl  I  r  tl  energy  (lor  H  not  exceed  that  whirl)  IS  ill  SSI  - 
p.i'rd  through  dumping.  Thus,  in  a  real  systnn,  when-  (lamping  is  always 
present,  any  desired  amplitude  may  hr  obtained  by  applying  the  proper 
amount  o I'  input  one  rgy . 


For  computing  tit  n.itur.il  frequencies  of  the  test  structures  reported 
m  this  paper,  each  of  the  three  strut  lures  has  been  idealized  by  assuming 
that  it  consists  of  a  uniform  elastic  beam  with  a  concentrated  mass  at  mid 
span.  Tin*  differential  equation  for  a  vibrating  beam  of  uniform  stiffness 
is  given  by  the  expression  : 


whe  re 


FI 


d  x 


•1 


10  modulus  ot  elasticity 

I  moment  of  inertia  of  the  beam 

y  -  lateral  deflection  of  the  beam 
x  -  horizontal  displacement 
t  -  time 

M\  -  mass  per  unit  length 


(I) 


A  solution  to  Equation  (1)  can  be  obtained  by  Rayleigh's  method  (1,  2). 
If  the  deflected  shape  is  assumed  to  be  half  a  sine  wave,  the  fundamental 
period  of  vibration  is  given  by  the  expression: 

T  k  !i  r  o.  w  +  w?  (in 

TT  1  E1G 

whc  re 


T  period  of  vibration  in  seconds  per  cycle 

L  -  span  in  incites 

w  -  weight  of  bridge  in  pounds 

W  -  weight  of  concentrated  load  in  pounds 

G  -  acceleration  of  gravity  in  feet  per  second  per  second 


Although  there  are.  some  differences  between  the  test  structures  and 
the  assumptions  on  which  Eq.  IT  is  based,  these  differences  are  of  minor 
importance.  In  general,  Eq.  II  can  be  used  to  compute  the  fundamental 
period  of  vibration  lor  each  of  the  test  structures  reported  in  this  paper. 

2,  2  Test  Structures 


Tests  on  three  bridge  structures  arc  reported  in  this  paper.  These 
include  one  105-foot,  single-truss  span  of  the  Bridge,  Fixed,  Aluminum, 


NORTH  ELEVATION 


Fig.  1  Layout  and  Dimensions  of  T-6  Aluminum  Bridge 


UPPER  MALE  JOINT 


UPPER  FEMALE  JOINT 


LOWER  MALE  JOINT  LOWER  FEMALE  JOINT 

Fij;.  2  Details  of  Joints  of  T-t  Aluminum  Bridge 
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SECTION  AA 

pig,  3  Layout  and  Dimensions  of  36  WF  Structures 
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Fig.  4  Details  of  Bolted  Joints 


Si  iil;  1 1'  -  1  -  .11  u •  .  I  1 1 14 1 1 A  .1  y  ,  lJi  ill y  I  I'lli’S  i J <  < :  1  .ibl  e  Panel  (  re  I e  I'  re <1  to  lie  re  - 
after  as  tlir  T-t>  Bridge)  and  two  VH  loot  si i nple- span  bridges  fabricated 
from  standard  3i>  W  1*'  ISO  st  ruitnr.il  stool  Imams  with  hoi  tod  joints  at  the 
,  i  onto  r  1 1  no  ot  tin-  span. 

The  T-t>  bridge  isol  r i  \  1 1 « •  d  i  mist  ruclinri  and  is  designed  for  rapid 
hold  assomlily.  All  hold  oomiot  tions  arc  made  liy  moans  of  removable 
steel  pins.  Each  truss  p.mol  is  IS  foot  lout*  and  6  foot  9  inches  hit'll  from 
i  ente  r  to  i  ente  r  of  pins.  In  the  test  bridge,  each  of  the  two  trusses  was 
made  up  ot  seven  interior  panels  and  one  end  panel.  The  distance  between 
truss  centerlines  was  Ih  foot  II  inches  and  the  clear  roadway  width  was  13 
*  feet  t>- 1  / J,  indies.  Figure  1  shows  the  layout  of  the  test  bridge  and  the 

panel  dimensions.  The  joints  for  connecting  the  panels  consist  of  built- 
up  aluminum  sections  with  stool  inserts  m  the  pin  holes,  Details  of  these 
joints  are  shown  in  Fig.  L. 

9 

The  T-b  bridge  is  fabricated  of  aluminum  alloy  Z014-T6  extrusions 
and  alclad  plates.  Table  1  shown  typical  minimum  specified  mechanical 
properties  of  this  material  for  the1  sixes  used.  Pertinent  dimensions  and 
physical  constants  for  the  test  structure  are  shown  in  Table  II. 

Additional  mass  was  added  at  the  centerline  of  the  bridge  span  by 
.  placing  large  steel  and  concrete  weights  on  the  roadway.  Eighty-seven 

tons  of  these  weights  were  placed  symmetrically  with  respect  to  the  cen¬ 
ter  of  the  bridge.  The  loaded  area  extended  15  feet  on  each  side  of  the 
centerline  of  the  span. 

t 

Each  of  the  3b  WF  150  test  structures  was  made  up  of  four  40- ft 
beams.  These  beams  were  fastened  together  with  l-l/3<i-inch  diameter 
turned  bolts  which  had  a  yield  strength  of  about  50  ksi.  The  bolts  were 
'  tightened  with  a  standard  si/.e  rachet  wrench.  Bolt  tension  was  not.  con¬ 

trolled  and  may  be  considered  to  be  small.  The  paint  was  not  removed 
from  the  joint  surfaces.  Figure  3  shows  the  general  layout  and  dimensions 
of  the  two  spans  tested,  Details  of  the  bolted  joints  are  shown  in  Fig.  4. 

The  36  WF  150  beams  and  all  splice  plates  were  of  structural  grade 
steel.  Pertinent  dimensions  and  physical  constants  of  the  two  test  struc¬ 
tures  are  shown  in  Table  11. 

Large  steel  and  concrete  weights  were  placed  near  the  centerline  of 
the  span  of  each  test  structure  m  a  manner  similar  to  that  employed  on 
1  the  T -6  bridge.  On  the  first  structure  reported,  a  twenty-ton  load  was 

used  for  the  first  half  of  the  test  and  twenty  -  seven  ton  load  was  used  for 
the  second  halt.  A  twenty- seven  ton  load  was  used  for  the  entire  test  on 
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the  second  Mi  WF  structure.  The  loaded  areas  extended  6  feet  9  inches 
on  each  side  of  the  centerline  of  the  span. 

L  INSTRUMENTATION  AND  TEST  EQUIPMENT 

L  1  Loading  Equipment 

•  ' 

All  tests  were  carried  out  in  a  iSl)-ton  capacity  test  frame.  Figure 
S  shows  this  frame  as  it  was  used  to  apply  repeated  loads  to  the  36  WF 
structure.  Loads  were  applied  by  means  of  a  2-1/2-inch  diameter  hy- 

*  draulic  cylinder.  In  order  to  obtain  the  loads  necessary  for  the  tests  re¬ 
ported  in  this  paper,  the  hydraulic  circuit  was  maintained  at  a  pressure 
of  1 S 0 0  psi  by  means  of  a  hydraulic  pump  driven  by  an  electric  motor.  A 
two-way  limit  switch  was  operated  by  the  deflection  of  the  bridge.  This 
switch  excited  a  three-way  solenoid  valve  which  controlled  the  direction 
of  flow  to  a  cylinder  located  at  the  ends  of  the  loading  beams.  A  flow 
valve  was  used  to  control  the  rate  of  fluid  flow  to  the  cylinder. 

The  loading  beams  were  connected  to  the  test  structure  by  means  of 
two  steel  cables.  In  order  to  keep  some  tension  in  the  cables.  In  order 
to  keep  some  tension  in  the  cables  at  all  times,  a  spring  shock  was  pro- 
.  vided  immediately  behind  the  cylinder.  Lateral  adjustment  of  the  loading 

beams  was  provided  at  their  supports.  The  vertical  stroke  of  the  cables 
was  adjusted  by  sliding  the  cable  hangers  along  the  loading  beams. 

*  3.2  Stress  and  Deflection  Measuring  Equipment 

Strains  were  measured  by  means  of  SR-4  gages  placed  as  shown  in 
Figs.  1  and  3.  Two  Model  BL- 32,  Brush,  Universal  analyzers  with  direct- 
«  inking  oscillograph  attachments  were  used  to  record  strain  measurements. 

Since  only  two  gages  could  be  read  at  any  time,  it  was  necessary  to  stop 
the  strain  recorder  in  order  to  read  any  other  two  of  the  various  gages. 

During  the  dynamic  loading  portion  of  the  test,  the  amplitude  of  de¬ 
flection  was  measured  by  means  of  a  pencil  trace  taken  at  the  centerline 
of  the  span.  Levels  were  run  to  obtain  static  deflections  of  the  structure 
before  and  after  loading.  For  the  T-6  bridge,  the  loaded  structure  was 
jacked  up  until  a  condition  of  "zero  stress"  existed  in  the  top  chord;  i.  e.  , 
the  panel  pins  in  the  center  bay  could  be  moved.  All  strain  gage  readings 
were  then  referenced  to  this  condition.  For  the  36  WF  structures,  strain 

*  gage  readings  were  referenced  to  computed  dead  load  strains. 


* 
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4.  TEST  RESULTS 


4.1  T-6  Bridge  Span 

The  T-6  bridge  equipment  used  in  the  fatigue  tests  had  been  used 
previously  in  field  assembly  and  static  tests.  The  fatigue  tests  were 
begun  immediately  after  the  completion  of  the  static  tests. 

With  an  87-ton  mass  at  the  centerline  of  the  bridge,  a  2-inch  ampli¬ 
tude  of  deflection  would  produce  stresses  equivalent  to  the  design  stresses 
of  Class  50  and  Class  78  (Class  loadings  are  approximately  the  ton  equiva¬ 
lent  of  tracked  military  vehicles)  military  loads  at  the  top  and  bottom  of 
the  vibration  node,  respectively  (3).  The  amplitude  was  varied  slightly 
during  the  test  in  order  to  obtain  measured  strains  corresponding  to  those 
computed  for  the  Class  50  and  Class  78  loads. 

After  the  beginning  of  the  dynamic  testing  phase,  periodic  observa¬ 
tions  were  made  of  the  strain  amplitude,  deflection  amplitude,  and  period 
of  vibration.  Table  III  shows  typical  values  observed  during  the  tests. 

The  test  was  halted  four  times  to  adjust  the  cable  tension.  At  approx¬ 
imately  16/000  cycles,  a  loud  noise,  originating  in  the  vicinity  of  the  north 
truss,  was  heard.  The  test  was  immediately  halted  and  a  detailed  visual 
inspection  of  the  bridge  was  made.  This  inspection  failed  to  reveal  the 
source  of  the  noise.  The  test  was  then  continued  to  18,  300  cycles  at  which 
time  a  second  report  was  heard.  The  test  was  again  halted  in  order  to 
facilitate  a  visual  inspection.  This  inspection  revealed  a  failure  in  the 
lower  chord  male  joint  of  the  3rd  north  truss.  Figure  6  shows  close-ups 
of  the  failure  after  the  male  joint  had  been  removed  from  the  panel.  The 
steel  insert  which  was  removed  from  this  hole  is  shown  in  Fig.  8. 

During  disassembly  of  the  bridge,  local  damage  was  discovered  at 
three  other  locations.  The  failure  of  the  lower  chord  male  joint  of  the 
north  truss  permitted  the  northeast  corner  of  the  bridge  to  lift  out  of  the 
male  end  post  base  plate.  This  permitted  a  steel  pintle  to  punch  a  hole  in 
the  base  plate.  Bearing  failures  occurred  in  the  top  chord  male  joints  of 
panels  4  and  5  of  the  south  truss.  This  permitted  the  rivets  in  the  vicinity 
of  the  pin  hole  to  work  lose.  It  was  also  observed  that  general  yielding 
had  occurred  in  the  lower  chord  of  the  sixth  south  truss  panel.  Close  in¬ 
spection  revealed  the  presence  of  a  crack  in  the  top  flange  of  the  channel. 

This  crack  passed  through  one  of  the  cover  plate  rivet  holes.  A  close-up 
of  this  damage  is  shown  in  Fig.  9.  Oxide  coatings  on  the  crushed  aluminum  of 
of  the  south  top  chords  and  on  the  faces  of  the  crack  in  the  bottom  south  chord 
indicate  that  this  damage  may  have  occurred  during  the  static  load  tests. 
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•1.2  46  W F  ISO  Spans 


The  first  of  the  two  46  WF  spans  was  initially  loaded  with  Z 0  tons  of 
weights  and  oscilated  at  an  amplitude  which  would  give  a  measured  strain 
corresponding  to  a  stress  variation  of  S.  A  ksi  in  the  extreme  fibers  of 
the  gross  section.  .  This  cor  responded  to  a  nominal  maximum  stress  on 
the  net  section  of  8  ksi  at  the  bottom  of  the  vibration  node  and  21  ksi  at 
the  top  of  the  node.  After  300,  000  cycles  of  this  stress  variation  had 
been  applied,  the  load  was  increased  to  27  tons.  The  test  was  then  conti¬ 
nued  using  the  same  nominal  deflection  amplitude.  This  resulted  in  a 
stress  variation  between  the  limits  of  14  and  27  ksi.  Table  III  shows  typ¬ 
ical  values  of  quantities  measured  during  this  test.  After  3000,  000  cycles 
of  the  13  to  27  ksi  stress,  the  bolted  joints  were  disassembled  and  in¬ 
spected  visually.  This  inspection  failed  to  indicate  any  signs  of  fatigue 
damage . 

A  second  span  was  assembled  from  previously  unused  beams  and  was 
loaded  with  27  tons  of  dead  weight.  This  span  was  also  subjected  to  vibra¬ 
tional  loads  between  the  limits  of  13  and  27  ksi.  After  300,  000  cycles, 
this  joint  was  disassembled  and  found  to  be  undamaged. 

S.  DISCUSSION  OF  RESULTS 

5.  I  Dynamic  Behavior 

In  Section  2,  it  was  shown  that  Eq.  II  could  be  used  to  find  the  natural 
period  of  vibration  of  an  elastic  beam  with  a  mass  concentrated  at  its 
centerline.  Since,  in  a  real  system,  it  is  not  physically  possible  to  con¬ 
centrate  a  mass  of  this  magnitude  at  the  center  of  a  span,  it  would  be 
expected  that  Eq.  II  would  be  slightly  in  error.  If  Eq.  II  had  been  devel¬ 
oped  for  an  applied  mass  which  was  distributed  over  a  finite  distance 
about  the  center  of  the  span,  the  computed  period  of  vibration  would  be 
smaller  than  that  for  an  equal  concentrated  mass.  For  this  reason,  it 
would  be  expected  that  Eq.  II  would  over-estimate  the  value  for  the.  period 
of  vibration  of  the  three  test  structures  reported  in  this  paper. 

Table  IV  shows  a  comparison  of  measured  and  computed  period  of 
vibration  for  each  of  the  three  test  structures.  As  expected,  Eq.  II  gives 
a  period  of  vibration  which  is  slightly  higher  than  that  measured.  In 
general  however,  the  error  is  small  and  Eq.  II  is  sufficiently  accurate 
for  practical  application. 


189 


8.  2  Kali gni1  Bchnvmr  i>!  the  T-6  Bridge  Span 

Since  tlir  T-t>  bridge  failed  in  the  joint  where  no  strain  gages  were 
present,  stresses  computed  from  measured  strains  are  not  available 
.it  the  section  of  failure.  Consequently,  computed  stresses  were  used  to 
compare  the  behavior  of  the  test  structure  with  that  of  small  specimens 
in  the  laboratory. 

During  the  test  the  nominal  stress  on  the  net  section  of  the  joint 
that  failed  had  a  lower  limit  of  about  18.  6  ksi  tension  and  an  upper  limit 
of  about  2- 1.  0  ksi  tension.  Thus,  the  stress  ratio  (ratio  of  minimum 
stress  to  maximum  stress)  based  on  the  nominal  stress  at  the  section 
was  about  0.  8.  Reference  1  indicates  that  the  stress  concentration 
factor  for  this  joint  would  be  about  2.8. 

In  reference  8,  Molt,  Eaton,  and  Matthiesen  have  presented  the 
results  of  a  number  of  tests  on  aluminum  alloy  joints.  The  stress  con¬ 
centration  factors  of  these  joints  were  in  the  range  of  2,4  to  2.  8  and  a 
number  of  the  joints  were  fabricated  of  aluminum  alloy  2014-T6.  Conse¬ 
quently,  it  is  possible  to  compare  the  behavior  of  the  T-6  bridge  with 
test  results  presented  in  reference  8.  Figure  10  shows  three  S-n  diagrams 
for  aluminum  alloy  2014-T6.  These  curves  are  extrapolated  from  the 
data  in  reference  8  and  include  stress  ratios  of  0,  0.  8,  and  0.  75. 

By  plotting  the  point  corresponding  to  the  failure  of  the  T-6  bridge 
on  Fig.  10,  it  can  be  seen  that  this  point  lies  below  the  curve  correspond¬ 
ing  to  a  stress  ratio  of  0.78.  Thus,  this  comparison  indicates  that  there 
is  relatively  good  correlation  between  the  behavior  of  the  laboratory  spe¬ 
cimens  and  that  of  the  full-si/.e  structure. 

8,  2  Fatigue  Behavior  of  the  56  WF  150  Spans 

Since  neither  of  the  two  16  WF  spans  was  tested  to  failure,  it  is  not 
possible  to  make  a  direct  comparison  between  the  behavior  of  the  test 
spans  and  that  of  small  laboratory  specimens.  However,  it  is  possible 
to  extrapolate  the  results  in  order  to  determine  if  the  lack  of  failure  is 
in  line  with  laboratory  tests. 

Laboratory  tests  have  shown  that  bolted  connections  will  exhibit 
higher  fatigue  strengths  than  riveted  joints  if  the  bolts  are  tightened 
enough  to  prevent  slip  in  the  joint  (6,  7,  8),  If  slip  does  occur,  the 
bolted  joint  will  have  about  the  same  fatigue  strength  as  a  similar  riveted 
joint.  Figure  11  shows  a  static  load  versus  deflection  curve  for  a  36  WF 
span  similar  to  the  two  tested  in  fatigue.  It  can  be  seen  that  some  slip 
occurs  under  the  dead  weight  of  the  beam  and  that  the  slip  continues  as 
the  load  increases.  Thus,  it  would  be  expected  that  the  fatigue  strength 


Fig.  10  Comparison  of  S-n  Curve  Obtained  from  Laboratory  Tests  on  Small  Specimens  of  Aluminum  with 

Conditions  in  T-6  Aluminum  Bridge  at  time  of  Rupture 
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of  the  two  beams  reported  in  tins  paper  would  be  comparable  to  that  of 
similar  spans  fabricated  with  riveted  joints. 

Wilson  has  shown  that,  for  steel,  the  stress  which  will  cause  failure 
at  a  given  number  of  cycles  can  be  found  from  the  following  relation  (6): 


^n  "  F 


^Z,  000,  000  J 


0. 10 


(III) 


Sn  -  maximum  stress  in  the  stress  cycle,  psi 
F  ~  fatigue  strength  for  failure  at  Z,  000,  000  cycles,  psi 
N  -  number  of  cycles  to  failure 

Equation  III  is  valid  only  if  the  ratio  of  maximum  stress  to  minimum 
stress  is  constant.  If  it  is  necessary  to  determine  the  maximum  stress 
to  cause  failure  for  a  different  stress  ratio,  the  following  expression 
may  be  used  (9 ): 


who  re 


F’  =(JJj) 

Z  -  r 


(IV) 


F1  =  maximum  stress  fur  any  particular  value  of  r 
Fj  =  fatigue  life  for  complete  reversal 
r  =  ratio  of  minimum  stress  to  maximum  stress 

In  reference  6,  it  was  reported  that,  for  riveted  joints  of  structural 
grade  steel,  the  fatigue  strength  for  a  cylce  of  0  to  maximum  tension  is 
about  Z6,  000  psi.  Using  this  value  with  Eq.  Ill  and  IV,  it  is  found  that, 
fur  the  stresses  used  in  these  tests,  both  36  WF  spans  should  have  been 
able  to  sustain  more  than  Z,  000,  000  cycles.  Consequently,  neither  of 
the  I-beam  structures  would  have  been  expected  to  fail  under  the  conditions 
i  mposed. 

SUMMARY 

This  paper  presents  the  results  of  dynamic  loading  tests  on  three 
full-size  bridge  structures  tested  at  the  U.  S.  Army  Engineer  Research 
and  Development  Laboratories.  These  structures  include  two  steel 
l-bcum  bridges  with  7H-fl  spans  and  an  aluminum  truss  bridge  with  a  109-lt 
span.  Dynamic  loads  wen-  simulated  by  vibrating  the  bridges  at  their 
nalu r al  f requeue  i e s . 
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Stresses  obtained  from  measured  strains  and  periods  of  vibration 
are  compared  with  those  computed  for  each  structure.  In  each  case, 
computed  stresses  were  within  0.  S  ksi  of  those  measured.  The  ob¬ 
served  period  of  vibration  for  each  bridge  was  in  good  agreement  with 
the  computed  value. 

Tlie  observed  fatigue  behavior  of  each  of  the  three  structures  was 
compared  with  that  which  would  be  predicted  from  laboratory  tests  on 
small  specimens  of  steel  and  aluminum.  Laboratory  tests  indicate  that 
the  steel  I-beam  structures  should  withstand  more  than  two  million  cycles 
of  the  applied  stress.  Thus,  the  lack  of  failure  of  the  test  structures  is 
in  agreement  with  the  predicted  behavior.  Although  the  aluminum  truss 
structure  failed  at  a  slightly  lower  number  of  cycles  than  would  be  pre¬ 
dicted  by  tests  on  smaller  specimens,  the  difference  was  within  the 
limits  of  error  of  the  data  obtained  from  the  laboratory  tests.  In  gen¬ 
eral,  the  behavior  of  each  of  the  three  structures  was  in  agreement  with 
that  predicted. 
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DISCUSSION 


Dr.  Dmiwki's:  Did  you  ever  i  orrclatf  the  developed  stress  and  the  ro- 
tati  ng  beam  stre  s s  ? 

Lt.  Corley:  No,  these  were  tests  on  riveted  lap  joints,  single  lap  joints. 

It  was  direct  tension  fatigue  test. 

Dr.  Beeuwkes:  Could  you  compare  the  failures  you  got  in  the  two  cases, 
that  is,  compare  characteristics  of  the  failure  that  you  got  in  the  bridge 
and  in  the  small  specimen.  Did  they  appear  to  be  the  same? 

Lt .  Corley:  Yes,  they  did. 

Dr.  Beeuwkes:  The  failures,  or  the  initial  cracks? 

Lt.  Corley:  We  did  not  conduct  these  tests,  they  were  conducted  by 
ALCOA.  They  involve  a  large  series  of  tests  on  riveted  joints.  The  types 
of  failure  were  the  same,  however,  they  were  complete  fracture.  They 
initiated  as  small  cracks  around  the  pin  hole  and  as  soon  as  they  had  pro¬ 
pagated  far  enough,  then,  of  course  the  rest  of  the  cord  failed  in  a  more 
or  less  ductile  manner  -  ductile  as  24T6  can  be. 

Dr.  Kumar:  I  had  a  question  along  the  same  lines  as  Dr.  Beeuwkes  did. 
This  was  about  the  surprising  closeness  of  the  curves  of  fatigue  that  you 
have  plotted,  i.e.  ,  the  SN  curves  for  the  bridge  and  specimen.  When  you 
said  the  SN  curve  for  the  bridge,  what  did  you  really  mean? 

Lt.  Corley:  If  I  said  from  the  bridge,  I  didn't  mean  for  the  bridge.  The 
SN  curves  were  for  the  small  laboratory  specimens.  The  point  at  which 
the  bridge  failed  was  plotted  on  the  same  curve. 

Dr.  Kumar:  Well,  usually  as  we  are  all  aware,  the  fatigue  curve,  SN 
curve,  has  such  a  tremendous  scatter  that  to  call  it  a  curve  is  misleading. 
If  the  bridge  failed  as  the  curve  indicated  it  would,  this  may  really  be  ac¬ 
cidental,  because  even  laboratory  specimens  will  have  discrepancies  of 
several  million  cycles. 

Lt.  Corley:  This  is  very  true,  and  I  agree  with  you  100%.  Of  course,  if 
we  could  we  would  like  very  much  to  test  many  more  bridges  but  naturally 
this  runs  into  too  much  money.  We  were  very  happy  though  with  the  fact 
that  this  point  was  so  close  to  the  curve.  Concerning  the  validity  of  saying 
that  we've  proven  that  the  small  specimens  can  or  do  predict  exactly  what 
the  forthright  structure  is  going  to  do,  I  don't  intend  to  get  this  impression 
across  at  all.  This  is  simply  one  bridge  that  we  tested.  The  results  on 
this  bridge  did  agree  with  the  curve. 

J.  N.  Crenshaw,  Army  Missile  Command  -  Redstone  Arsenal:  Clarify  for 
me  one  point;  namely,  the  application  of  the  additional  load  -  was  this  done 
by  hydraulic  cylinder? 

Lt,  Corley:  No,  sir,  the  additional  load,  in  fact  I  should  say  more  pre¬ 
cisely,  the  additional  mass  was  applied  by  means  of  concrete  and  steel 
which  were  simply  set  on  the  bridge. 


J.  N.  Crenshaw:  This  essentially  answers  my  question. 

■  lohn  F,  Ward  (NASA,  Langley  Research  Center):  Could  you,  by  any  chance, 
repair  the  joint  and  continue  the  tests.  You  have  a  lot  of  joints  on  this 
bridge  and  you  consider  only  one  joint  in  the  bridge  failure. 

Lt..  Corley:  Is  the  question,  do  we  consider  going  on  and  getting  more? 

No.  In  fact  this  was  done  quite  a  while  ago  and  the  tests  on  this  particular 
bridge  have  been  stopped,  so  there  will  be  no  additional  tests.  We  would 
like  to  make  additional  tests  but  it  is  something  that  is  not  contemplated 
right  now. 
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STRUCTURAL  DESIGN  CRI  TERIA  FOR  MILI  TARY  VEHICLES 


C.  11.  Winfreu * 


ABSTRACT 

The  objective  of  this  paper  is  to  outline  primary  problem  areas  of 
vehicle  design  and  to  define  design  criteria  applicable  to  military  vehicles. 
Vehicle  structural  requirements  are  presented  from  the  design  engineers 
view  point.  Loads  imposed  upon  a  wide  range  of  military  vehicles  are  de¬ 
fined  and  assigned  numerical  values.  When  applicable,  the  load  direction 
and  magnitude  is  expressed  as  formulae  or  curves.  As  an  aid  to  reducing 
weight  and  cost,  design  procedures  are  presented  with  methods  for  evalu¬ 
ating  and  controlling  safety  factors,  symbols,  weight  and  structural  re¬ 
ports.  This  paper  will  provide  some  guidance  to  those  companies  enter¬ 
ing  into  military  vehicle  design  and  construction.  For  more  experienced 
companies  it  should  be  of  some  help  as  a  check  of  present  design  proce¬ 
dures. 

INTRODUCTION  AND  PRIMARY  PROBLEMS 

Since  graduation  the  author  has  been  engaged  in  the  design  and  analy¬ 
sis  of  military  vehicles.  During  this  time  a  serious  lack  of  factual  infor¬ 
mation  pertaining  to  vehicle  design  has  become  obvious.  It  appears  that 
most  structural  design  has  been  based  upon  a  cut  and  try  procedure,  to  wit, 
"if  it  fails  beef  it  up".  This  method  may  be  satisfactory  for  a  manufacturer 
producing  a  single  type  and  weight  of  vehicle  year  after  year,  but  is  inade¬ 
quate  for  organizations  designing  many  types  of  vehicles. 

The  objective  of  this  paper  is  to  outline  and  define  design  criteria 
applicable  to  military  vehicles  and  to  present  some  of  the  problems  facing 
vehicle  designers.  Particular  emphasis  is  given  to  the  hull  structure  of 
light  weight  track  laying  vehicles  and  components  affecting  hull  construction. 

The  lack  of  established  automotive  design  criteria  results  in  en¬ 
tirely  too  much  verbal  information  based  on  personal  desire,  whims  and 
"guestimation".  Using  questionable  data  leads  to  disagreements  between 
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individuals  and  results  in  an  excessive  amount  of  cut  and  try"  type  of  de¬ 
signing.  With  personal  whims  and  data  changing  each  day,  the  design  en¬ 
gineer  inevitably  develops  a  philosophy  of  over  designing.  This  system 
has  never  been  satisfactory  and  in  view  of  the  rapid  growth  and  complex¬ 
ity  of  military  vehicles  it  represents  a  futile  attempt  to  achieve  the  de- 
si  red  end  results. 

If  any  authoritative  design  criteria  can  be  established,  confirmed 
and  compiled  into  a  design  manual  the  problem  of  piece- meal  distribution 
of  information  would  be  settled. 

A  useful  design  manual  should  meet  the  following  requirements: 

a.  Adequately  indexed  and  readily  available  to  the  designer.  De¬ 
signers  do  not  have  the  time,  and  management  will  not  toler¬ 
ate  a  system  that  requires  extensive  searching  for  information. 

b.  Methods  for  efficiently  coordinating  design  procedures. 

c.  Standard  forms  for  load  factors,  weight,  stress,  etc.,  to¬ 
gether  with  an  explanation  of  the  form. 

d.  A  simple  system  whereby  engineers  could  request  correction 
or  revision  to  the  manual. 

e.  An  indication  regarding  the  accuracy  of  information  contained 
in  each  section. 

f.  References  to  other  sources  of  information,  and  where  the 
information  can  be  obtained  (ASTIA  numbers) 

There  are  two  primary  problem  areas  in  attempting  to  establish  a 
design  manual;  determining  the  magnitude  of  loads  imposed  on  military 
vehicles  and  arranging  the  design  manual  in  a  usable  form. 

A  good  manual  containing  data  required  for  military  vehicle  de¬ 
sign  would  reduce  lead  time  at  least  25%  and  cost  per  vehicle  5%  or  more. 

This  paper  is  an  elementary  approach  to  the  problem.  The  follow¬ 
ing  suggestions  are  offered  regarding  manual  preparation. 


a.  A  dri  isii'ii  lias  In  hr  made  re  gardi  n  g  the  need  fur  a  manual. 

I).  Turn  tlie  problem  over  to  a  private  company  not  engaged  in 
tin1  design  or  manufacture  of  automotive  products.  Anyone 
unnamed  m  automotive  work  is  too  biased  witli  personal  opin¬ 
ion  to  perform  the  task  t  I  i  ompiling  facts. 

c.  A  formal  search  through  the  libraries  and  files  of  this  country 
and  others  should  be  conducted  to  determine  if  a  vehicle  de¬ 
sign  manual  lias  already  been  published.  If  none  is  found  in 
the  search,  a  system  of  locating  and  retrieving  information 
pertaining  to  vehicles  should  be  initiated. 

Design  criteria  presented  herein  is  the  result  of  structural  analy¬ 
sis  and  test  data  on  several  vehicles.  It  is  believed  to  be  reasonably  accu¬ 
rate,  but  additional  confirmation  is  needed  on  load  factors.  Load  factors 
used  are  open  to  question,  but  once  they  have  been  selected  or  established 
the  remaining  structural  analysis  should  be  rigorous  and  definite.  Consid¬ 
erable  information  is  based  on  past  vehicle  performance  and  history. 

FUNDAMENTALS  OF  VEHICLE  DESIGN 

1.  Non-urmored  hull  weight  is  6  to  10%  of  gross  vehicle  weight. 

Z.  Design  the  hull  to  accommodate  components;  don't  expect  much  change 
in  components  to  accommodate  the  hull. 

3.  Avoid  undue  complexity.  Monocoque  structures  should  be  employed 
when  possible  with  a  minimum  amount,  of  internal  reinforcements. 

4.  Avoid  ridiculous  tolerances  in  hulls. 

3.  Design  door  and  hatch  torsion  bars  from  80,  000  psi,  to  100,  000  psi. 
Cover  and  protect  all  bars  from  damage. 

6.  Use  stacked  torsion  leafs  when  length  is  at  a  premium.  (Do  not  use 
on  suspension.  ) 

7.  Provide  water  drain  holes  for  all  enclosed  areas. 

Standard  MS  drain  valves  may  be  satisfactory  for  hull  drains. 

8.  Consider  the  number  of  vehicles  to  be  manufactured.  Is  the  number 
large  enough  to  justify  expensive  forging  dies? 
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q.  Reasonable  notches  in  din  tile  in. tli-rial,  subject  to  lew  repeated  loads, 
are  not  valid  stress  concentration  points. 

10.  The  driver  location  relative  to  the  C.  G.  effects  vehicle  load  factor. 

11.  Mu/./.lc  brakes  took  good  on  paper;  but  they  create  severe  blast  prob¬ 
lems. 

1Z.  Vehicles  get  covered  with  dirt  and  mud;  enclose  or  protect  delicate 
systems. 

11.  Track  laying  suspension  weight  is  IK  to  Z4%  of  gross  vehicle  weight. 

11.  Track  strength  requirements  depend  upon  vehicle  weight,  not  sprocket 
torcpie  output.  Band  tracks  require  a  tensile  strength  of  3  to  5  times 
vehicle  gross  weight. 

19.  Allow  1  to  8  inches  of  wheel  travel  from  static  to  bump  position. 

16.  Provide  bump  stops  for  all  wheels. 

17.  Shock  absorbers  are  required  only  on  front  and  rear  wheels. 

18.  A  stiff  suspension  gives  better  side  slope  performance. 

19.  Road  wheel  strength  is  determined  by  bump-stop  requirements. 

20.  Stress  suspension  torsion  bars  to  140,  000  psi.  Design  and  manufac¬ 
ture  them  in  accordance  with  Detroit  Arsenal  torsion  bar  specifica¬ 
tions.  (Too  much  study  has  gone  into  bars  for  anyone  to  start  over.  ) 

Zl.  Vehicles  without  idlers  tend  to  throw  tracks  due  to  dirt  and  rock 
wedging  at  rear  wheels. 

ZZ.  Avoid  screws  and  bolts  under  S / 1  (> "  diameter  in  the  hull  structure. 
Mechanics  twist  them  off. 

23.  Fine  threads  have  less  tendency  to  loosen  up  than  course  threads. 

Z4.  Provide  positive  locks  for  critical  bolts  subject  to  continuous  vibra¬ 
tion. 

28.  Avoid  requiring  two  wrenches  for  items  which  must  be  serviced  or 
removed  frequently. 
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Zt  .  All  design  is  a  loiiipioiinsr,  don't  sai  nin  e  an  entire  vehicle  to 

appease  organizations  or  individuals  who  over  emphasize  one  par¬ 
ticular  segment  of  vehicle  design. 

• 

DESIGN  CRITERIA 

Establishing  strut  tural  design  c 
iletailed  information  on. 

riteria  involves  the  formulation  of 

• 

(a)  Basic  road  load. 

(e)  Safety  factors. 

• 

(b)  Gun  recoil  load. 

(f)  Material  properties. 

(c )  Handling  load. 

(g)  Symbols, 

i 

(d)  Weight  and  balance. 

(h)  Structural  report. 

Due  to  radically  different  conditions  to  which  military  vehicles  are 
subjected  it  does  not  appear  feasible  to  establish  one  set  of  design  criteria 
applicable  to  all  types. 

This  paper  makes  no  pretense  of  answering  all  problems  involved 
in  military  vehicle  design,  even  portions  of  the  criteria  probably  are  in 
error.  If  the  design  data  is  used  with  caution,  a  reasonably  satisfactory 
vehicle  performance  may  be  expected. 

The  following  pages  present  a  typical  load  factor  outline.  (This 
particular  outline  is  from  the  XM  104  self-propelled  howitzer.  ) 

LOAD  FACTORS 


The  hull  structure  shall  be  capable  of  supporting  the  following 
accelerations  (applied  loads)  without  suffering  detrimental  permanent  de¬ 
formation,  or  design  loads  without  structural  failure,  (4- indicates  force 
acting  upward  on  part) 

a.  For  road  loads. 

Vertical  (Applied  loads): 

Positive:  t  2 6  at  front  to  0  at  rear;  or +  26  at  front  to+  13  at 

C.  G.  ;  whichever  is  greater.  Flat  cut  off  at  +  13. 
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For  design  "f  40  at  front  to  0  at  rear;  or  +  40  at  front  to 
+  20  at  C.  G.  ;  whichever  is  greater.  Flat  cut-off  at  +  20. 

Negative:  -13  at  front  to  -10  at  C.G.  with  flat  cut-off  at  -11. 

Longitudinal:  +  10 

-  10 

Transverse:  t  10 

b.  For  rail  transportation. 

Vertical:  -  1 
Longitudinal:  t  12 
Transverse:  -  3 

c.  For  air  transportation  Spec.  MIL-A-8421. 

Vertical:  1  3 

Longitudinal:  i  3 
Transverse:  i  3 

The  following  ultimate  accelerations  (design  loads)  are  required. 
Vertical:  '♦■4.5 
Longitudinal:  1  8 
Transverse:  "t 

d.  For  air  drop. 

Vertical:  15 

(HIGED-B- 6- 10  requires  40  to  lOQg) 
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BASIC  ROAD  LOADS 


All  basic  road  loads  result  from  extremely  complicated  dynamic 
motions  of  complex  structures  operating  over  undefined  highway  and  cross¬ 
country  terrain.  It  is  probably  the  most  hopeless  analytic  problem  on 
earth,  yet  a  problem  as  old  as  the  wheel.  Such  problems  are  far  beyond 
engineering  and  we  can  only  hope  that  some  dynamist  will  eventually  solve 
this  problem.  If  this  one  problem  could  be  answered,  I  believe  military 
vehicle  design  could  turn  into  a  true  analytical  science,  rather  than  relying 
so  much  on  past  experience  and  "guestimation". 

Requirements  of  combat  vehicles  are  determined  by  cross-country 
acceleration  factors  which  are  typically  five  to  ten  times  greater  than  high¬ 
way  requirements.  Approximately  half  of  the  load  imposed  upon  combat 
vehicles  results  from  rotational  accelerations  and  the  remainder  from 
linear  accelerations. 

The  determination  of  basic  road  loads  requires  the  application  of 
experimental  methods.  At  present  there  exists  no  completely  satisfactory 
methods  of  calculating  road  loads  for  ordnance  vehicles.  Present  methods 
require  information  to  be  estimated  from  strain  gages,  oil  pressure, 
accelerometer  readings,  broken  parts  and  past  performance  of  similar 
vehicles  under  tactical  or  simulated  tactical  conditions. 

In  addition  to  the  basic  load  factors,  a  shock  factor  is  required  for 
small  items.  A  "small  item"  for  tiis  purpose  is  defined  as  an  item  having 
a  weight  less  than  3%  of  empty  vehicle  weight. 

Four  terms  which  are  frequently  used  without  well  defined  mean¬ 
ings  are  applied  load,  design  load,  safety  factor  and  margin  of  safety.  The 
first  two  are  explained  in  the  following  paragraphs,  the  difference  between 
safety  factor  and  margin  of  safety  factor  and  margin  of  safety  is  covered 
later  in  this  paper. 

A.  APPLIED  LOAD: 

This  term  is  also  known  as  the  limit  load,  or  simply  as  the  load. 
Applied  load  for  military  vehicles  is  the  maximum  load  the  vehicle  is  ex¬ 
pected  to  sustain  and  continue  operation  with  no  appreciable  loss  of  char¬ 
acteristics.  Applied  loads  should  not  cause  detrimental  permanent  defor¬ 
mation  of  the  vehicle  structure.  Please  note  that  detrimental  has  been 
underlined,  this  point  should  be  emphasized.  Many  parts  of  vehicles  pro¬ 
duce  no  detrimental  results  when  permanently  deformed  and  should  not  be 
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designed  on  the  basis  of  deformation.  Examples  are  small  brackets, 
lifting  eyes,  bump  stops,  air  extraction  and  drop  systems,  spades  and 
joints.  Generally,  items  associated  with  armament  and  suspension  are 
more  sensitive  to  deformation  than  hull  structures.  Items  usually  sen¬ 
sitive  to  slight  deformations  should  be  considered  for  re-design  to  re¬ 
duce  sensitivity. 

Obtaining  values  for  effective  applied  loads  is  complicated  by  the 
lack  of  any  definite  criteria  of  what  is  expected  of  the  vehicle. 

B.  DESIGN  LOAD: 

This  term  is  also  known  as  ultimate  or  ultimate  design  load. 

Design  load  represents  the  value  at  which  complete  structural  failure  is 
expected.  For  1st  or  2nd  line  combat  vehicles,  personnel  incapacitation 
occurs  near  this  point.  Loads  of  this  magnitude  approach  accidents  and 
result  from  striking  large  boulders,  walls,  trees,  nosing  over  high  walls 
onto  concrete  pavements  and  bad  air  drops.  In  combat  vehicles  the  re¬ 
quired  design  loads  are  so  high  that  fatigue  should  present  no  problem  in 
hull  structure.  For  non-combat  wheel  vehicles,  fatigue  may  play  a  pre¬ 
dominant  role  in  failures.  Values  of  design  load  can  frequently  be  deter¬ 
mined  from  broken  parts.  If  a  test  vehicle  is  available,  structural  fuses 
may  be  incorporated  and  varied  in  strength  to  determine  the  magnitude  of 
design  loads. 

Presented  in  figure  1,  are  curves  of  basic  vehicle  load  applicable 
to  typical  military  vehicles.  Figure  2  is  a  shock  factor  curve  for  mount¬ 
ing  small  items. 

The  following  outline  gives  a  procedure  for  the  use  of  these  curves. 

1.  Select  vehicle  class  and  estimated  weight. 

2.  Enter  load  factor  curve,  figure  1,  and  obtain  basic  load 
factor  (n). 

This  is  the  design  load  for  the  front  end  of  rigid  hull  vehicles  such  as 
tanks,  self-propelled  howitzers,  armored  personnel  carriers,  etc.  The 
maximum  load  factor  near  the  C.  G.  will  be  approximately  1/2  of  this 
value.  For  trailers,  this  represents  a  general  design  load  factor. 

For  typical  track  layers,  calculate  design  loads  for  sprockets  and 
wheels  by  the  following  equations. 
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LOAD  FACTOR  (n) 


PROPOSED  LOAD  FACTORS 


VEHICLE  WEIGHT  (1000  LB) 
(Figure  1) 


WEIGHT  OF  MOUNTED  ITEM 


Dv.sign  loud  at  icnterline  of  truck  cm  lurwanl  sprocket 


-  n(.lS)  vehicle  weight 
Design  load  for  No.  I  road  wheel 

a  n(.  1)  vehicle  weight 
Design  loads  for  other  wheels 

-  n(.05)  vehicle  weight 

In  no  case  should  suspension  design  loads  be  taken  as  less  than 
1.4  (vehicle  weight). 

i.  To  obtain  the  required  mounting  strength  for  small  items,  con¬ 
struct  a  shock  factor  curve  similar  to  figure  2. 

GUN  RECOIL  LOADS 


Gun  recoil  loads  are  obtained  by  established  methods  of  calculation 
and  confirmed  by  test  firing.  Calculations  can  be  made  according  to  ORDP 
20-342  "Recoil  Systems"  or  Detroit  Arsenal  publication  "Design  of  Hydraulic 
Orifice  for  Recoil  Control."  Both  methods  give  results  having  a  reasonable 
degree  of  accuracy,  gun  recoil  loads  are  known  more  accurate  than  any  other 
loads  in  combat  vehicles.  One  question  frequently  asked  is  what  effect  short 
peaks  or  spikes  in  hydraulic  recoil  systems  have  upon  hull  and  spade  structures. 
Spikes  of  less  than  i  milliseconds  duration  have  no  appreciable  effect  upon 
vehicles  structure  or  spade  load. 


Recoil  loads  are  transmitted  through  the  gun  mount,  vehicle  structure 
and  spade  into  the  earth.  Reactions  from  the  earth  may  be  distributed  uni¬ 
formly  over  the  spade  or  concentrated  due  to  large  rocks.  Concentrated  load 
from  rock  presents  the  primary  spade  problem,  distributed  loading  generally 
presents  no  problem.  Investigation  should  be  conducted  for  different  angles 
of  elevation  and  azimuth  considering  ledge  rock  in  the  earth.  Ordinary  dy¬ 
namic  and  static  equations  provide  satisfactory  answers  to  spade  loads. 

Figure  4  presents  a  typical  calculated  spade  strut  load  curves  re¬ 
sulting  from  gun  recoil.  The  abrupt  change  around  50°  results  from  a  change 
in  recoil  length. 


ARDCM  80-1,  Volume  1,  Part  E, 
<10- mm  guns. 


gives  recoil  loads  for  50  caliber  and 
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XM  104 

BASIC  ROAD  LOAD  FACTORS 


t 


f 


P.  -  7  TIMES  GROSS  VEHICLE  WEIGHT 
'  APPLIED  AT  4  OF  TRACK 

P2-4  TIMES  GROSS  VEHICLE  WEIGHT 


Figure  3 


?09 


200 


XM  104  PILOTS 

CALCULATED  SPADE  STRUT  LOADS 


180 


160 


140 


120 


NO.  I-  NO  LARGE  ROCKS  0°  AZIMUTH 
NO.  2~  NO  LARGE  ROCKS  22^-#AZIMUTH 
NO.  3-LARGE  ROCKS 

APPROXIMATELY  9  INCHES  OUTBOARD 


NO.  3 


OF  SPAR 


22-^-  AZIMUTH 


ROD  PULL-  23,000  S  36,000  LBS. 


ASSUMPTION:  SPADE  ROTATION  TAKES  / 

PLACE  ABOUT  CENTROID  OF  /  NO.  2- 
ENCLOSED  EARTH  f  / 

/ 

✓ 


ELEVATION  RELATIVE  TO  HORIZONTAL  (DEGREES) 


Figure  4 
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SPADE  STRUT  LOAD  (THOUSAND  LBS) 


HANDLING  LOADS 


Handling  loads  are  determined  by  methods  of  transportation,  and  a 
minimum  strength  factor  dependent  upon  the  abuse  to  which  the  vehicle  is 
subjected.  Small  parts  which  a  man  can  step  on  should  withstand  a  load  of 
300  pounds. 

With  the  exception  of  air  transportation  requirements,  design  loads 
for  transportation  systems  are  not  well  defined  by  any  military  specification. 

The  following  specification  may  be  of  some  help. 

a.  For  rail  transportation. 

Ventical:  -  2g 

Longitudinal:  —  12g 

Trans ve  rse:  - 3g 

.  b.  For  marine  shipment  a  load  factor  of  2g  is  adequate. 

c.  For  air  transportation. 

Spec.  MIL-A-8421,  General  Specification  for  Air  Transport¬ 
ability  Requirements. 

d.  For  parachute  delivery. 

Mil-STD-669  "Air  Delivery  Loading  Environment  and  Related 
Requirements  For  Military  Material" 

MIL-STD-814  "Requirements  for  Tiedown,  Suspension  and 
Extraction  Provisions  on  Military  Materiel  For  Air  Delivery" 

Loads  imposed  upon  equipment  during  drop,  depend  upon  the  vehicle 
attitude  at  time  of  contact  and  shock  absorbing  equipment  incorporated  in  the 
delivery  platform. 

Vertical:  lSg,  with  shock  absorbing  equipment, 

H1GED-B-6-10,  40  to  lOOg  with  no  shock  absorbing  system. 


v.  Slinging  ryes  should  i  diilurm  to  M1L.-STD-Z09.  The  standard 
should  read  "Without  detrimental  <ie formation"  in  plane  of  yield.  In  addition 
to  the  requirements  of  MIL-209,  any  one  eye  should  have  an  ultimate  strength 
sufficient  to  support  the  vehicle  weight. 

WEIGHT  AND  BALANCE 


Controlling  weight  and  center  of  gravity  requires  continuous  main¬ 
tenance  of  weight  and  balance  forms.  MIL-STD-234  presents  an  elaborate 
weight  control  system  for  ai  n  raft,  which  i  ould  be  adapted  to  automotive 
use  with  major  mollifications.  A  relatively  simple  weight  control  form  may 
consist  of  part  weight  tabulated  relative  to  the  /.ero  reference  line  and  sum¬ 
mations  made  for  vehicle  C.G.  By  custom,  the  turret  center  line  is  the 
zero  reference  line,  this  practice  leads  to  confusion  if  the  turret  moves  rel¬ 
ative  to  the  hull.  For  vehicles  without  turrets,  zero  reference  is  taken  a 
few  inches  forward  of  the  hull  with  the  final  drive  output  located  on  a  sta¬ 
tion  number  divisible  by  10.  If  the  final  drive  location  moves,  no  change  is 
made  in  vehicle  station  lines.  Locating  the  zero  reference  forward  of  the 
vehicle  avoids  negative  stations.  Normal  ship  building  and  aircraft  practice 
should  be  followed  relative  to  station  lines,  water  lines,  and  buttock  lines. 

Structural  weight  has  a  large  influence  on  initial  cost  and  a  second¬ 
ary  effect  on  recurring  or  maintenance  type  cost.  In  making  a  decision  on 
whether  to  change  weight  and  in  allocating  weight  targets,  it  is  important 
to  consider  at  least  the  following  factors: 

1.  Design  functions  -  difference  between  essential  primary  and  de¬ 
sirable  secondary  functions.  Can  the  vehicle  be  operated  with¬ 
out  the  part;  can  the  part  be  eliminated? 

2.  Structural  integrity  and  degree  of  analysis  required. 

3.  Vehicle  performance. 

4.  Cost. 

5.  Produc.ibility. 

6.  Schedule. 

7.  Growth  factor. 

8.  Effect  on  other  components. 


212 


9.  The  maximum  weight  that  is  permitted  for  air  delivery. 

t  10.  Cost  of  shipping  additional  weight,  this  critical  if  air  ship¬ 

ment  is  probable. 

As  an  aid  to  controlling  or  guiding  weight  reduction  programs,  the 
following  check  list  is  presented. 

1.  The  mental  attitude  of  personnel  working  on  the  project;  has  any 
desire  been  created  to  design  light  structures  ?  Is  management 
willing  to  pay  for  weight  control?  Are  people  working  on  weight 
control,  or  just  talking  about  it? 

2.  Check  the  equipment  on  the  vehicle,  what  part  is  really  required? 
How  many  items  are  only  someones  desire?  It  will  take  a  battle 
to  remove  anything,  but  there  is  a  lot  of  useless  equipment  on 
vehicles. 

3.  Use  the  shortest,  most  efficient  path  for  load  transmission. 

4.  Use  existing  material  and  avoid  adding  additional  parts. 

» 

5.  Do  not  complicate  interior  stowage  with  necessary  reinforcements. 

6.  Use  alloy  steel  heat  treated  to  125,  000  psi  for  brackets  and  irreg- 

*  ular  shapes;  use  160,000  to  180,000  psi  for  symmetrical  items 

under  known  loading  conditions. 

7.  Use  aluminum  where  it  is  worth  while,  thin  sections,  buckling  prob- 

*  lems,  spacer  filler,  etc..  Avoid  aluminum  castings  in  primary 

structures. 

*  8.  Avoid  joints,  especially  in  highly  loaded  parts. 

9.  Use  care  in  joint  selection,  t. ension  joints,  or  shear  joints. 

10.  Use  sheet  metal  stampings  with  integral  beads  and  reinforce¬ 
ments. 

11.  Avoid  overdesign. 

4 

12.  Use  simple  bushings  in  place  of  anti-friction  bearings. 

* 
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SAFETY  FACTORS 


Cone iirrmit  with  the  establishment  of  basic  loads  and  load  distribution 
arc  tin:  problems  ol  selecting  and  applying  fuc  tors  of  safety,  consideration  of 
stress  concentrations,  detailed  environmental  and  life  requirements,  and  the 
balancing  of  all  against  "op'iim/a  d"  weight. 

The  more  exact  the  knowledge  of  the  basic  loads,  the  more  it  is  pos¬ 
sible  to  design  structures  with  the  minimum  safety  factors  compatible  with 
reasonable  reliability.  Design  analysis  should  indicate  the  accuracy  to 
which  load  factors  are  known  and  "factors  of  ignorance"  should  not  be  con¬ 
fused  with  safety  factors. 

Safety  factors  are  used  for  the  following  reasons: 

1.  Safety  factors  provide  a  standard  difference  between  applied  load 
and  structural  failure.  This  is  the  classical  meaning  generally 
expressed  as,  APPLIED  LOAD  (SAFETY  FACTOR)  =  DESIGN 
LOAD. 

2.  For  structures  where  deformation  is  unimportant  it  provides  a 
uniform  criteria  for  failure. 

3.  To  account  for  unknowns  in  loading,  analysis,  material  and  fa¬ 
tigue.  These  are  truly  "factors  of  ignorance",  which  are  gen¬ 
erally  called  safety  factors. 

Safety  factors  should  not  be  confused  by  being  indiscriminately 
placed  on  both  the  load  and  on  the  allowable  stress  level.  Extreme  care 
must  be  exercised  to  avoid  multiplication  of  safety  factors.  Investigation 
has  revealed  many  cases  where  safety  factors  were  5  to  10  times  the  quoted 
value.  Common  methods  of  "slipping  in  safety  factors"  while  determining 
strength  of  structural  components  are: 

a.  Working  to  yield  stress  when  ultimate  is  critical. 

b.  Failure  to  account,  for  plasticity. 

c.  Use  of  curved  beam  equation  when  they  are  not  applicable. 

d.  Incorrect  use  of  allowable  stress. 

e.  Overlooking  a  primary  loadpath. 
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f.  Undue  simplific  ation  of  analysis. 


g.  And  the  fatal  remark  of  the  boss  "it  looks  skimpy,  better  beef 
it  up.  " 

There  is  only  one  thing  certain  about  a  structure,  if  no  failure  ever 
occurs,  it  is  overdesigned.  To  avoid  multiple  safety  factors,  select  a  value 
before  starting  and  apply  it  to  the  load,  do  not  enter  safety  factors  during 
stress  calculations. 

The  relation  comparing  the  allowable  load  with  the  design  load  is 
termed  the  margin  of  safety  and  is  defined  as: 

_  allowable  load  ^ 
design  load 

or  MS  -  allowable  stress  _  ^ 
design  stress 

The  allowable  load  is  usually  determined  by  the  shape  of  the  part 
and  material  properties,  it  must  not  be  confused  with  design  load.  In  case 
of  a  redundant  structure,  where  failure  of  an  individual  element  would  re¬ 
sult  in  the  load  being  carried  by  other  members,  a  negative  margin  of 
safety  may  be  acceptable.  In  a  well  design  structure,  the  margin  of  safety 
should  be  zero  or  a  slight  positive  value.  The  positive  margin  of  safety  is 
that  overdesigned  portion  of  a  structure  which  cannot  practically  be  elimi¬ 
nated. 

CASTINGS: 


The  allowable  stresses  for  castings  as  specified  in  MIL-HDBK-5 
are  obtained  from  test  specimens.  The  actual  cast  members  often  contain 
hidden  imperfections  which  do  not  occur  in  the  test  specimens.  Ductility 
of  castings  is  often  a  small  fraction  of  wrought  material.  It  is  therefore 
necessary  to  use  an  additional  factor  of  safety,  usually  2.00.  For  castings 
subject  to  x-ray  inspection,  close  quality  control  and  controlled  ductility 
this  factor  may  be  reduced  to  a  minimum  of  1.  25. 

FITTING  FACTOR: 

Failures  are  more  likely  to  occur  at  the  end  connections  of  members 
than  in  the  members  themselves,  because  of  local  stress  concentrations, 
eccentricities  of  the  connections,  or  severe  vibration  conditions.  For  this 
reason  an  additional  safety  factor  (fitting  factor)  of  1.  2  will  be  used  in  the 
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design  i'I  «  iiiu.i-i  limis  and  liftings. 


BEARING  FACTOR: 


Where  In d t s  must  resist  shuck  or  vibration  loading,  as  in  suspen¬ 
sion  and  engine  mounts  Lin  bolts  tend  to  hammer  back  and  forth  in  the 
Holes.  This  hammering  at  lion  may  enlarge  the  bolt  holes  and  eventually 
cause  failure  of  the  member  if  the  bearing  stress  is  high.  For  such  con¬ 
ditions  a  bearing  (actor  ul  1.  0  will  be  required. 

SCREWS  IN  SHEAR  AND  TENSION: 

Screw  threads  in  shear  shall  not  exceed  30%  of  full  shank  rated 
strength,  and  the  joint  will  be  classified  as  a  friction  joint.  Due  allowance 
for  fatigue  in  screw  anti  bolt  threads  shall  be  made.  In  structures  subject 
to  fatigue,  only  rolled  threads  should  be  allowed  on  screws  and  bolts. 

Load  tat  tors  are  usually  established  by  estimations  from  past  ve¬ 
hicle  performance,  and  must  be  approved  by  the  section  chief  and  vehicle 
manager.  As  a  result  of  this  limitation  of  authority,  design  engineers  ex¬ 
ercise  very  little  control  over  load  factors.  The  design  engineer's  great¬ 
est  contribution  to  weight  reduction  is  through  judicious  selection  of  load 
transmission  path  and  careful  strength  analysis.  Failure  to  recognize  that 
design  criteria  is  structural  strength  (not  stress  level),  will  produce  incon¬ 
sistent  margins  of  safety. 

Examples  of  parts  which  fail  at  stress  levels  other  than  yield  or  ul¬ 
timate 

1.  Structures  which  may  fail  at  low  stress  level. 

a.  Plate  buckling. 

b.  Columns. 

c.  Flange  crimping. 

d.  Twisting. 

e.  Shear  buckling. 

1.  Fatigue. 

L.  Structures  which  fail  at  high  stress  levels. 

a.  Redundant  structures. 

b.  Plastic  bending  (Modulus  of  rupture). 

c.  Short  compression  blocks. 

d.  Curved  beams  of  solid  section. 


The  above  examples  should  point  out  the  futility  of  a  specification 
giving  "working  stress"  for  vehicle  design.  Proper  criteria  for  stress 
level  can  only  be  selected  from  consideration  of  part  function,  shape  and 
mode  of  failure.  Such  statements  as  "working  stress  50%  of  yield"  are 
absurd  for  vehicle  design.  In  general,  hull  or  frame  design  should  be 
based  on  structural  strength  and  not  directly  on  material  characteristics. 

FACTORS  OF  SAFETY 


Suggested  safety  factors  used  to  obtain  design  loads  from  applied 

loads: 


1.  St  ructures  in  general.  1.  5 

2.  Handling  load  per  specification, 

3.  Bearings.  MIL-HDBK-  5 

4.  Joints.  MIL-HDBK- 5 

The  following  should  be  applied  in  addition  to  the  general  structural 
factor  of  1.  5. 


5.  Casting  2.  00 

(With  X-Ray,  close  quality  control  and 

minimum  elongation  of  7%.  )  1.2 

6.  Fittings  1  .  2 

7.  Gun  recoil  loads  that  offer  a  hazard 

to  pe  r sonnel  1 . 6 

8.  Gun  travel  lock  when  loss  results  in  a 

hazard  to  personnel  1  . 5 


MATERIAL  PROPERTIES 

For  design  purposes  it  is  suggested  that  material  properties  be 
taken  from  MIL-HDBK-5.  Values  specified  are  minimum  aircraft  material 
properties  and  should  be  considered  as  probable  properties  for  automotive 
materials.  This  publication  was  compiled  for  design  use  and  is  recom¬ 
mended  in  lieu  of  specifications.  Several  specifications  contain  elaborate 
information  on  grain  size,  legal  requirements,  etc.,  and  fail  to  give  ten¬ 
sile  strength.  Entirely  too  many  specifications  are  being  written  with¬ 
out  any  consideration  of  the  designer,  and  have  become  so  complex  that 
they  are  impracticable  for  design  work. 

Questions  regarding  critical  material  should  be  answered  by  the 
Department  of  the  Army  Supply  Manual  TB-754-1  "Conservation  of  Mate¬ 
rial.  " 
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Within  reasonable  limits  the  i ust  of  material  has  little  effect 
upon  part  cost.  End  product  cost  depends  primarily  upon  the  design 
engineers  efforts  to  avoid  unnecessary  complications  and  expensive 
m atm tac  tu  r i  ng  processes. 

SYMBOLS 


Unless  otherwise  indicated  structural  symbols  and  methods  of 
analysis  should  be  in  accordance  with  Military  Handbook  5.  (MIL- 
I1DBK-5)  This  handbook  presents  the  best  set  of  structural  symbols 
in  existance,  and  yet  many  engineers  and  authors  refuse  to  accept 
any  standard.  Each  writer  flounders  through  life,  dreaming  up  his 
own  symbols  for  each  problem,  and  often  changes  the  meaning  from 
one  page  to  the  next.  This  absurd  refusal  of  engineers  and  authors  to 
accept  standard  symbols  is  equivalent  to  each  person  dreaming  up  a 
new  language  and  spelling  system  every  time  the  mood  strikes.  Ef¬ 
fective  engineering  communication  cun  never  be  achieved  unless  stand¬ 
ard  symbols  are  accepted. 

The  aluminum  and  aircraft  companies  have  accepted  MIL-5,  and 
found  it  very  satisfactory,  and  yet  military  organizations  make  little  ef¬ 
fort  to  abide  by  their  own  standards.  Authors  of  ORDP  publications, 
and  other  military  work  should  be  required  to  comply  with  MIL-5.  This 
simple  step  would  greatly  increase  the  readability  and  value  of  many 
publications. 

STRUCTURAL  REPORTS 


Reports  establishing  and  documenting  the  results  of  structural 
analysis  usually  must  include  the  following: 

1.  Introduction  -  to  outline  what  the  report  is  intended  to  cover 
or  its  objective.  In  many  structural  reports  no  introduction 
is  included,  and  readers  waste  time  looking  for  information 
the  analyst  had  no  intention  of  covering. 

2.  Load  Report  -  in  which  is  presented  the  basic  load  on  all  im¬ 
portant  elements.  Special  design  methods  on  which  the  de¬ 
sign  is  based  should  be  included. 

3.  Weight  Report  -  to  reduce  complexity  of  reports,  calcula¬ 
tions  of  weight  and  center  of  gravity  may  be  included  with 
the  structural  report. 

4.  Structural  Analysis  -  which  includes  shear  and  moment  dia¬ 
grams  based  on  loading  condition  presented  in  the  load  re¬ 
port,  design  criteria,  detailed  stress  analysis  and  margin  of 
safety. 
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Structural  reports  that  cannot  be  retrieved  or  understood  are  useless 
for  future  reference.  The  following  may  help  in  maintaining  reports. 

Using  an  outline  drawing  of  the  vehicle,  apply  vectors  for  all  known 
external  loads.  Several  outlines  may  be  required  to  present  different  loading 
conditions.  Certain  loads  are  obviously  not  critical  and  can  be  eliminated 
by  inspection.  At  this  point  load  distribution  and  path  must  be  selected  and 
approximate  size  of  parts  calculated.  From  here  on,  calculations  and  re¬ 
visions  constitute  design  work.  For  each  part  the  final  structural  report 
should  contain: 


a. 

b. 


c. 

d. 


e. 

f. 


Statement  of  problem  and  part  number. 

Information  given  pertaining  to  the  problem,  and  a  sketch  of  the 
part  (if  applicable). 

Objective  of  analysis.  This  can  save  considerable  time  for  readers. 
Solution. 

Results,  including  the  margin  of  safety. 

Recommendations:  Here  the  designer  should  include  remarks  re¬ 
garding  the  part,  comments  on  other  approaches  which  were  tried 
and  discarded,  and  methods  which  might  be  applicable  to  future  de¬ 
sign. 


When  the  vehicle  is  complete,  arrange  the  book  into  a  logical  order, 
remove  extraneous  information,  and  rework  the  index. 


* 
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THE  EFFECT  OF  HIGH  RATE  LOADING  ON  THE  MECHANICAL 
PROPERTIES  OF  ORDNANCE  MATERIALS 

Alexander  Hammer*  and  Hubert  Cadle** 


ABSTRACT 

It  is  a  well-known  fact  that  Cr  -Mo  -V  Steel,  presently  the  best 
available  barrel  material  because  of  its  high  strength  and  erosion  re¬ 
sisting  properties,  has  a  yield  strength  of  15,  000  psi  at  a  temperature 
of  1200°F.  It  is  equally  well  known  that  Cal  .  30  barrels  made  from 
this  material  and  fired  seven  125- round  bursts  become  hotter  than  1200°  F 
in  the  area  in  front  of  the  liner.  The  most  advanced  but  static  theories 
indicate  75,  000  psi  total  equivalent  stress  in  this  area;  i.e.  ,  a  value  a- 
bout  five  times  larger  than  the  statically  determined  yield  stress.  These 
barrels  were  gaged  after  firing  and  no  plastic  deformation  could  be  de¬ 
tected,  eliminating  any  possible  tie-in  with  plastic  design  theories.  Now, 
either  the  stresses  are  actually  less  than  those  calculated,  or  the  me¬ 
chanical  properties  of  the  metals  at  high  rate  loading  are  well  above 
those  values  which  are  presently  considered  by  design  engineers. 

Primary  purpose  of  the  investigation,  results  of  which  are  re¬ 
ported  in  the  paper,  is  to  prove  the  latter.  The  investigation  was  con¬ 
ducted  with  a  gas  system  testing  fixture  in  which  gas,  emitted  while 
firing  a  gun,  is  used  to  initiate  pressures  in  test  specimens.  In  this 
fixture,  Cal  .  30  barrels  were  modified  to  allow  the  gas  to  escape  through 
an  orifice  into  a  gas  cylinder.  The  size  of  this  orifice,  its  location  a- 
long  the  barrel,  the  initial  volume  of  the  gas  cylinder,  the  movement  of 
piston  in  the  gas  cylinder  so  as  to  allow  its  volume  to  be  changed,  and  the 
weight  of  the  moving  piston  are  parameters  which  can  be  changed  to  vary 
the  characteristics  of  the  gas  pressure  in  the  cylinder. 

The  parameters  of  the  test  vehicle  were  changed  and  three  dis¬ 
tinctly  different  reproducible  families  of  pressure-time  curves  were  ob¬ 
tained  in  the  gas  cylinder,  each  one  having  the  same  peak  pressure,  but 
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tin:  turn'  to  obtain  same  varied  Iron:  .  5  to  1.  5  ms.  Through  di  ffe  re  nti  al 
areas  tin:  pressure  In  tin:  cylinder  was  increased  ninefold,  and  through  a 
fluid  medium  was  applied  against  the  internal  walls  of  cylindrical  test  spe¬ 
cimens.  Pressures,  measured  m  the  fluid,  were  correlated  to  stresses 
and  strains  established  on  the  surfaces  ot  the  specimens,  and  it  was  found 
that  specimens  which  yielded,  when  loaded  statically,  at  100,  000  psi  stress  , 
remained  elastic  under  dynamic  conditions  even  at  1 Z 0 ,  000  psi  stress,  in¬ 
dicating  a  clear  20  per  cent  gain  for  the  material  tested  at  existing  condi¬ 
tions. 


A  very  important  area  directly  affected  by  the  investigation  is  light¬ 
weight  design.  It  can  be  proven  that  the  mechanical  properties  of  Ordnance 
materials  at  actual  working  conditions  are  m  excess  of  those  which  are 
used  at  present  as  design  criteria  and  it  is  evident  that  large  numbers  of 
weapon  components  were  overdesigned,  that  they  are  too  big  and  too  heavy. 

One  appreciates  that  maintaining  the  present  high  stresses,  but  re¬ 
ducing  weight  will  be  preferred  to  reducing  stresses  in  unchanged  over- 
designed  components. 


It  is  a  well-established  fact  that  Cr-Mo-V  steel,  presently  the  best 
available  barrel  material  because  of  its  high  strength  and  e  rosion- re  si  st¬ 
ing  properties,  has  a  yield  strength  of  approximately  15,  000  psi  at  a  tem¬ 
perature  of  1200°F.  It  is  equally  well-established  that  Cal  .  30  barrels 
made  from  this  material  when  fired  seven  125-round  bursts  became  hotter 
than  1200°F  in  the  area  forward  of  the  liner.  The  most  advanced  static 
theories  indicate  75,000  psi  total  equivalent  stress  in  this  area;  i.e.,  a 
value  about  five  times  larger  than  the  basic  static  theory  suggests.  These 
barrels  were  gaged  before  and  after  firing,  and  no  plastic  deformation 
could  be  detected,  thereby  eliminating  any  possible  tie-in  with  plastic  de¬ 
sign  theories.  Now,  either  the  stresses  are  actually  less  than  those  cal¬ 
culated,  or  the  mechanical  properties  of  the  metals  at  high  rate  loading 
are  well  above  those  values  which  are  presently  considered  by  design  en¬ 
gineers.  In  either  case  the  result  is  overdesign  of  components  and  in  con¬ 
sequence  waste  of  materials,  manufacturing  time,  storage  place  and  trans¬ 
portation  cost  and  sometimes  the  difference  between  optimum  and  not  feas¬ 
ible  design. 

The  first  step  in  the  investigation,  with  which  we  are  concerned  here, 
was  to  establish  the  relationship  between  static  and  dynamic  yield  stresses 
in  a  material  al  ambient  temperature.  Since  barrel  design  falls  in  a  par¬ 
ticular  problem  area,  Cr-Mo-V  steel  m  the  form  of  thick-wall  tubes  was 
chosen  for  testing. 
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In  .1111. ill  arms  1  > .  i  r  r « •  1  design,  rilling  .uni  Irn  lum  lorccs  are  present, 
but  they  are  small  m  magnitude  and  are  neglected.  The  force  with  which 
we  are  concerned,  then,  is  the  internal  pressure  which  acts  so  as  to  pro¬ 
duce  tangential  and  radial  strains  in  the  tube.  The  test  specimen  was 
designed  in  such  a  manner  as  to  minimize  longitudinal  forces  and  end 
e  t  tec t  s . 


Figure  1  shows  the  test  specimen  in  the  form  of  a  thick-wall  tube. 

The  length  of  the  test  specimen  was  so  established  that  the  effect  of  the 
reinforced  ends  would  not  he  reflected  in  the  center  section.  Available 
theory  was  used  to  determine  the  spacing  of  reinforcing  bands  on  a  tube 
in  such  a  manner  that  the  effect  of  one  would  not  influence  the  effect  of 
the  band  adjacent  to  it.  This  length  was  doubled  and  the  necessary  length 
to  provide  a  portion  which  should  respond  like  an  infinitely  long  tube  was 
added. 

A  piston  at  one  end,  and  an  adapter  for  a  pressure  transducer  at  the 
other  entraps  a  fluid  medium.  The  tost  specimen  is  encased  in  such  a 
manner  that  the  reaction  of  the  force  applied  to  the  piston  is  absorbed  at 
one  end  while  the  other  is  permitted  to  float  free.  Force  is  applied  to  the 
piston  in  the  casing  and  is  transmitted  to  the  fluid  by  the  piston  in  the  test 
specimen.  The  resultant  pressure  of  the  fluid  acts  upon  the  pressure 
transducer  and  also  upon  the  walls  of  the  specimen. 

In  the  center  of  the  specimen,  one  foil  strain  gage  is  mounted  in  the 
tangential  direction  and  another  is  mounted  in  the  longitudinal  direction. 
Unilateral  applied  strain  in  the  tangential  direction  on  the  outside  surface 
of  an  infinitely  long  thick-wall  tube  is  the  result  of  an  application  of 
internal  pressure.  The  longitudinal  gage,  then,  should  monitor  that 
strain  reflecting  Poisson's  Ratio. 

Figure  2  is  a  picture  of  the  test  specimen,  adaptor,  and  component 
parts.  An  "0"  ring  with  a  teflon  spiral  back-up  washer  seals  the  small 
piston.  A  glass- fibre- impregnated  teflon  washer  seals  the  pressure 
adapter.  A  Kistler  (>0I  pressure  transducer  is  used  to  monitor  the 
internal  pressure.  Incidentally,  the  area  ratio  of  the  piston  in  the 
adapter  to  that  in  the  specimen  is  nearly  9/1. 

In  a  variety  of  small  arms,  the  chamber  pressure  resulting  from 
the  burning  of  the  charge  is  in  the  neighborhood  of  SO,  000  psi.  The  time 
required  to  reach  this  pressure  is  usually  about  .  5  milliseconds. 

Figure  i  shows  a  characteristic  pressure-time  curve  taken  in  the 
chamber  of  a  Cal  .  SO  gun.  The  pressure  reaches  approximately  50,  000 
psi  and  the  rise  time  is  about  .6  milliseconds. 
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MTERK1AL  pressure  test  specimen 


PRESSURE  SPECIMEN  WITH  COMPONENT  PARTS 


I J- 


A  gu--.  s\  sli'in  listing  1 1 1 1 1  r « •  (Figure  I)  w.is  modified  1  j  y  tin:  addition 
m  !  i ,  i  -  s|  ii' (  1 1  nr  ii  adapter  vvlii*  1 1  w.is  shown  in  lh<-  lirst  .uni  si-conil  figures, 
Through  tin-  use  ul  this  lixtiitr  it  is  |>ossi!)l*-  lo  apply  dynaini*'  loads  simi¬ 
lar  l*>  thus*'  *  hi. mi*'*!  m  ill*'  tiring  id  a  nun.  The  propellent  gas  lrom  a 
Cal  .  U)  rifle  is  bled  trom  a  port  in  the  side  ol  the  barr«d  into  a  gas  cylinder, 
inis  gas  pressure  is  unpinned  op  the  piston  located  m  the  specimen  adap¬ 
ter  win*'  h  i  n  turn  lur*  *s  the  pi  st  *  i  in  I  lie  test  spe*  linen  agai  n  st  the  fluid 
medium.  The  pressure  m  the  gas  lylnuler  is  magnified  in  the  specimen 
by  the  cli  ffe  rential  areas  of  the  two  pistons.  Tin-  compressed  fluid  applies 
the  resulting  pressure  against  the  walls  of  the  test  specimen.  In  the  gas 
system  testing  fixture  various  parameters,  such  as  the  size  and  position 
of  the  gas  port  m  the  gun  bar  rid.  and  the  initial  volume  of  the  gas  cylinder 
i  an  bo  changed  so  .is  to  obtain  the  necessary  pressure-time  relationships. 

Figure  4  depots  a  pressure-time  curve  obtained  through  the  use  of 
the  gas  system  testing  fixture.  The  pressure  is  approximately  48.  000  psi 
and  the  rise  time  is  about  .  S  milliseconds.  The  useful  portion  of  the 
curve  is  not  unlike  the  actual  chamber  pressure-curve  shown  previously. 

The  pressure  fluctuations  which  appear  after  the  main  peak  are  of  no  con¬ 
sequence.  providing  that  the  pressure  there  is  lower  than  that  which  would 
cause  the  material  to  yield  in  a  static  test. 

The  instrumentation  used  to  monitor  pressure,  time,  and  strain  is 
shown  in  Figure  6.  A  Kistler  amplifier  delivers  the  pressure  pulse  to 
a  Tektronix  oSl  Dual  Beam  oscilloscope  and  a  S 36  X-Y  scope.  In  static 
tests,  the  tangential  and  longitudinal  strain  are  monitored  separately 
through  transdmer  plug-in  units  powered  by  a  Tektronix  \tl .  Dynamic 
strains  are  monitored  through  a  DC  balancing  and  calibrating  unit.  These 
signals  are  delivered  to  both  si  opes  through  choppers  so  as  to  provide  the 
extra  trai  l'  of  each  scope.  Through  this  system,  the  dual  beam  scope  pro¬ 
duces  til*'  three  variables  vs.  time,  while  the  X-Y  scope  shows  pressure 
vs.  tangential  strain  and  pressure  vs.  longitudinal  strain, 

Polaroid  camera  photographs  were  taken  of  the  test  data  delivered 
to  the  oscilloscopes.  Pressure,  tangential  strain,  and  longitudinal  strain 
plotted  against  time  is  shown  i.i  Figure  7.  These  curves  tell  us  little  more 
than  to  assure  that  the  rise  time  is  that  in  which  we  are  interested.  Look¬ 
ing  at  the  pressure  curve,  the  rise  time  is  about  .  S  milliseconds.  A 
rough  comparison  between  the  pressure  and  tangential  strain  curves  leads 
us  to  expect  that  these  variables  are  proportional  to  each  other. 

It  is  apparent  from  the  shape  of  the  pressure- strain  curve  (Figure 
8)  that  this  test  specimen  did  not  yield  on  the  outside  surface.  The  spe¬ 
cimen  is  one  of  a  series  designed  to  bracket  the  yield  point  of  the  material. 
Furthermore,  wc  now  see  the  longitudinal  strain  as  compression  according 
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W'  vur  predic t  urns .  ll  .1  ill’ll  i  gi  l»lf  .iimiuiil  *.  <  t  Ini  lion  Irom  the  bearing  uf 
tin-  piston  "0"  ring  on  tlio  msnlr  w.ill  ol  the  spn  mum  results  in  n  negli¬ 
gible  compressi vi-  loi'i  r,  tin:  l ongi  1  mli n.t I  strain  should  reflet  t  a  value 
whii  h  is  no  greater  than  that  exported  hy  Poisson's  Ratio,  In  other  words, 

1  he  slope  of  the  longitudinal  strain  curve  should  lie  2  3%  to  10%  that  of  the 
tangential  st  rain  curve. 

Using  another  test  specimen,  static  force  is  applied  through  the 
same  adapter  used  in  the  dynamic:  test,  It  was  not  necessary  to  record  a 
plot  of  the  three  variables  vs.  time. 

These  static  data  (Figure  9)  of  pressure  vs.  tangential  strain  and 
longitudinal  strain  are  like  the  dynamic  curves  except  that  the  specimen 
is  allowed  to  yield.  Again  we  have  obtained  the  compressive  strain  which 
should  reflect  Poisson's  Ratio. 

To  check  the  basic  validity  of  the  data;  however,  it  is  necessary  to 
compare  the  ratio  of  longitudinal  to  tangential  strain  obtained  in  the  dynamic 
test  to  that  obtained  in  the  static,  test.  If  the  two  ratios  are  the  same,  it 
is  reasonable  to  assume  that  the  forces  transmitted  to  the  walls  of  each 
test  specimen  are  of  the  same  type,  and  that  Poisson's  Ratio  in  the  dynamic 
application  did  not  differ  from  that  established  in  the  static  situation.  We 
may  now  arrange  the  data  so  that  the  dynamic  stresses  can  be  compared  to 
the  static  stresses, 

We  have  established  that  the  ratio  of  longitudinal  strain  to  tangential 
strain  is  the  same  for  both  cases.  The  Lame  relationships  (Figure  10)  may 
be  used  to  transform  the  pressure- strain  curves  to  stress- strain  curves, 

The  wall  ratio  of  each  test  specimen  was  obtained  by  measuring  the  inside  • 

diameter  with  an  air  gage  and  the  outside  diameter  with  special  micrometers 
each  sensitive  to  the  nearest  SO  millionths  of  an  inch.  The  concentricity 
was  checked  by  actually  measuring  the  variation  in  thickness  of  the  tube 
wall  at  the  section  where  the  strain  gages  are  mounted. 

Considering  the  outside  surface  of  the  tube  where  the  strain  measure¬ 
ments  are  taken,  we  observe  that  this  boundary  condition  precludes  radial 
stress.  Conveniently,  then,  the  equivalent  pressure  stress  is  the  unilateral 
tangential  stress, 


2P 


where  the  pressure  is  the  measured  quantity  at  the  measured  tangential 
strain. 
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Fi(jurt.‘  11  shows  tlu:  charade  ristic  stress- strain  curves  reflecting 
the  dynamic  and  static  data.  We  1  i rat  observe  that  Young's  Modulus  of 
proportionality  stress  to  strain  is  the  same  in  both  the  static  and  dynamic 
situations.  And  the  answer  to  our  problem  appears  in  the  fact  that  the 
dynamic  stress  is  greater  than  the  static  stress  at  the  yield  point  of  the 
material  in  each  case.  Mere  the  ratio  of  dynamic  yield  stress  to  static 
yield  stress  is  about  I.  IS. 


Now,  since  we  are  concerned  witli  the  soundness  of  the  entire  tube 
when  faced  with  a  design  problem,  we  may  resort  to  the  Lame  relation¬ 
ships  for  the  inside  surface  (Figure  10).  Here  the  stresses  are  tangential 
and  radial.  Combining  these  stresses  according  to  the  von  Mises-Hencky 

p  ^W4+ 1 

W^-l 


theory  of  failure, 


and  solving  for  the  design  wall  ratio,  we  have  this  expression: 

crTT^P2 

In  order  to  obtain  practical  values  for  W,  limitations  put  on  the  interrela¬ 
tion  of  pressure  and  equivalent  pressure  stress  are  obvious. 


Test  results  indicate  that  for  the  selected  wall  ratios  of  1.  35  -  1.  38, 
for  the  described  load  application,  and  for  internal  pressures  which  peak 
in  approximately  ,  5  milliseconds,  the  equivalent  pressure  stress  increased 
by  a  factor  K  -  1.15.  However,  in  actual  design  of  Cr-Mo-V  tubes  which 
must  withstand  internal  pressures  alone,  this  factor  K  is  assumed  to  be 
1.  30. 


It  is  possible  that  the  assumed  30%  increase  of  yield  strength  results 
in  some  slight  but  surely  not  detrimental  permanent  deformation  of  the  in¬ 
side  surface  of  the  tube  and  further  experimentation  will  be  needed  to  cor¬ 
relate  laboratory  results  to  practically  proven  emperical  design  criteria. 

In  reference  to  the  phenomenon  experienced  with  the  Cal  .  30  barrel, 
the  statically  determined  yield  strength,  at  the  proper  elevated  tempera¬ 
ture,  will  have  to  be  increased  many  times  in  dynamic  application,  if  the 
presently  used  factor  K  -  5,  applied  to  obtain  the  permissible  total  equiva¬ 
lent  stress,  should  be  proven  to  be  correct  in  laboratory  application. 

Future  investigation  will  include  tests  similar  to  this  one,  but  per¬ 
formed  on  different  materials;  test  specimens  will  be  subjected  to  constant 
high  and  low  temperature;  and  finally,  transient  temperature  and  repeated 
high  rate  loading  will  be  induced,  thereby  simulating  the  effects  of  automatic 
firing  with  small  arms  weapons. 
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STRAIN 


INTRODUCTORY  COMMENTS  I3Y  DR.  ALEXANDER  HAMMER: 


,  When  Design  Criteria  was  selected  as  subject  for  Sessions  III  and  IV, 

it  was  hoped  that  papers  would  be  presented  which  would  help  the  designer 
of  Army  materiel  in  his  task  to  achieve  optimum  design.  We  held  Confer¬ 
ences  in  the  past  when  the  scientists  spoke  to  scientists.  This  time,  we 
were  fortunate  enough  to  secure  the  participation  of  a  large  number  of  de¬ 
signers,  and  we  intend  to  help  them  by  proving  or  disproving  the  validity 
of  certain  empirical  postulates  concerning  the  increase  of  yield  strength 
of  materials,  when  the  time  necessary  to  reach  peak  loading  is  only  half 
to  one  millisecond,  which  characterizes  small  arms  barrel  design. 

As  a  sort  of  introduction  to  the  two  papers  to  be  presented  by  Spring- 
,  field  Armory  at  this  Session,  I  would  like  to  mention  the  fact  that  if  the 

Cal  .  30  all  purpose  machine  gun  barrel  is  fired  seven  125- round  bursts, 
needing  each  time  14  seconds  for  firing  and  46  seconds  for  cooling,  the 
outside  surface  of  the  barrel  about  2  inches  in  front  of  the  liner,  i.  e.  , 
about  12  inches  from  the  breech  end,  becomes  1400°F  hot.  The  tempera¬ 
ture  at  the  inside  surface,  of  course,  is  much  higher.  Even  if  we  assume 
an  average  temperature  of  1400°F,  the  yield  strength  of  the  barrel  material, 
Cr-Mo-V  steel,  equals  about  10,000  psi.  The  total  equivalent  stress  in 
»  this  barrel  at  the  above  mentioned  position,  considering  the  pressure  and 

temperature  stresses,  equals  70,000  psi,  which  is  seven  times  higher 
than  the  yield  stress  of  the  material  at  1400°F. 

There  is  no  interrelation  with  plastic  theories,  because  careful  checking 
of  the  outside  surface  dimensions  proves  no  changes.  At  the  inside  surface, 
permanent  deformation  may  have  taken  place,  but  not  sufficient  to  be  detri¬ 
mental  to  the  life  of  the  barrel  which  is  determined  by  the  criteria  of  200 
fps  muzzle  velocity  drop  or  20%  keyholing. 

If  the  barrel  designer  would  accept  the  10,  000  psi  yield  stress  as  de¬ 
sign  criteria,  he  would  end  up  with  an  extremely  heavy  barrel.  And  this 
barrel,  design-wise,  would  be  worse  than  a  light  one  because  the  thermal 
stresses  in  it  would  be  excessive,  being  directly  proportional  to  the  tem¬ 
perature  difference  which  is  much  larger  in  a  heavy  barrel  than  in  a  light 
one.  The  lighter,  thinner  barrel  will  be  hotter,  but  the  thermal  stresses 
in  it  will  be  reduced  considerably. 

I  fully  agree  with  the  statement  that  one  picture  is  worth  thousands  of 
words  and  to  help  you  visualize  above  statements  I  will  show  you  a  colored 
motion  picture  about  firing  a  Cal  .  30  tank  machine  gun  barrel  three  thousand 
rounds  without  interruption.  This  barrel  is  covered  by  a  jacket.  In  order 
«  to  give  you  a  better  view,  some  of  the  holes  in  the  jacket  were  eliminated. 
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The  showing- time  is  short  and  I  do  not  want  to  interrupt  it,  so  I  tell  you 
now  that  the  barrel  is  gaged  before  firing,  it  becomes  cherry-hot  during 
firing  and  is  gaged  after  firing.  From  the  colors,  judge  for  yourself  the 
temperatures,  and  the  gaging  results  will  indicate  the  status  of  the  barrel 
before  and  after  firing. 

Three  Government  laboratories,  located  in  Watertown,  Watervliet 
and  Springfield  are  engaged  at  present  in  activities  covering  the  dynamic 
behavior  of  materials.  It  would  be  beneficial  to  correlate  these  activities 
which  use  different  methods  to  induce  impact  loading  peaking  in  from  half 
a  millisecond  to  ten  milliseconds  time.  The  test  specimens  used  are  of 
different  designs,  sizes  and  materials. 

Only  after  we  do  test  identical  specimens  and  induce  loadings  of  the 
same  peaking  time,  will  we  be  permitted  to  correlate  our  results.  If  the 
application  of  gas-hydraulic- or  steam  pressures  will  not  result  in  appre¬ 
ciable  differences,  we  may  divide  the  field  and  cover  only  that  portion  of 
the  time  band  which  is  closest  to  our  particular  area  of  load  application. 

DISCUSSION: 

Mr.  Zaroodny:  I  want  to  express  my  admiration  for  this  paper  which  per¬ 
haps  we  didn't  applaud  loud  enough.  And  would  you  allow  me  to  make  a 
recollection:  In  the  early  years  of  the  war  Mr.  Kent's  development  of  the 
theory  of  piezo  electric  gages  was  still  something  of  fairly  novel  and  it 
was  a  great  disappointment  to  us  at  APG  that  the  actual  establishment  of 
the  powder  charge  had  been  done  with  the  help  of  copper  crush  gages.  How¬ 
ever,  there  was  a  15  to  20%  discrepancy  between  pressure  measurements 
made  with  piezo  electric  or  copper  crush  gages.  The  story  goes  that  Mr. 
Kent  had  brought  this  fact  to  the  attention  of  the  Chief  of  Ordnance,  General 
Barns,  who  allegedly  said:  This  war  will  be  won  with  copper  pressures. 
Well  it  has  been  and  now  after  some  time  after  the  war,  I  am  extremely 
happy  to  see  another  explanation  of  the  factor  1.2. 

Dr.  Kumar:  I  would  like  to  commend  the  fine  presentation  that  we  heard 
just  now  and  the  fine  movie  by  Dr.  Hammer  and  Mr.  Cadle.  I  have  only  a 
couple  of  questions  about  the  design  theory.  It  is  very  beautiful  to  see  how 
the  whole  thing  has  been  demonstrated  experimentally.  The  analytical  ex¬ 
planation  of  it  may  reveal  even  more.  I  see  that  you  are  using  von  Mieses- 
Hencky  theory  of  failure  and  considering  only  the  pressure  stresses.  If 
you  would  consider  the  thermal  stresses  also  you  could  improve  the  theory 
still  more. 

Dr.  Hammer-  In  our  first  series  of  tests  we  did  not  consider  temperature 
effects  because  only  single  shots  were  fired  with  the  testing  fixture.  Con¬ 
sequently  the  used  analytical  equations  were  correct.  However,  if  and  when 
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temperature  will  In*  considered,  we  will  have  to  prove  much  larger  differ¬ 
ences  between  dynamic  and  static  yielding  than  the  15%  found  at  ambient 
temperature.  Designers  today,  and  this  is  proven  by  practical  experience, 
permit  total  equivalent  stresses  manyfold  of  that  of  yield  at  various  eleva¬ 
ted  temperatures.  Even  for  pressure  stresses  alone  and  for  the  barrel 
material  mentioned  the  intuitively  accepted  increase  is  50  to  40%.  So  you 
see,  there  is  still  a  discrepancy  between  laboratory  results  and  those  ob¬ 
served  or  proven  by  actual  experience. 

Glenn  Taylor  -  APG,  RRL:  Would  you  care  to  comment  on  the  deformation, 
if  any,  on  the  bore  of  Cal  .  50  tubes  after  prolonged  tests  at  elevated  tem¬ 
peratures? 

Mr.  Cadle:  I  think  perhaps  Dr.  Hammer  would  want  to  talk  about  this. 

Dr.  Hammer:  It  depends  what  do  you  consider  "prolonged  test  at  elevated 
temperatures".  I  witnessed  erosion  tests  with  85-round  bursts  the  barrel 
lasting  at  least  S,  000  shots,  or  with  125- round  bursts  firing  at  least  3,000 
shots.  There  were  no  dimensional  changes  at  the  outside  surface.  What 
happened  at  the  inside  was  hard  to  determine  because  of  the  simultaneous 
happening  of  yield  and  erosion.  However,  as  long  as  the  criteria  for  bar¬ 
rel  life  was  met,  the  barrel  was  considered  sound.  No  matter  how  hot  the 
barrel  got,  up  to  temperatures  mentioned  before,  if  opportunity  was  given 
to  periodical  cooling,  it  could  and  actually  did  last  2  5,000  shots.  Now,  to 
answer  your  specific  question  concerning  the  deformation  of  the  bore  of  the 
barrel  which  fired  without  interruption  3,  000  shots  and  was  shown  to  you 
on  the  colored  motion  picture,  no  doubt,  it  could  not  be  considered  service¬ 
able  any  more.  Its  rifling  was  lost  completely.  Again,  I  must  mention, 
the  mechanical  and  chemical  effects  were  present  simultaneously. 


DETER  M1NATION  OK  Y  IK  U )  S  TRENGT1  IS  OF  ENGINEERING 
MATERIALS  AT  HIGH  LOADING  RATES 

E.irl  H.  Abb.- 


ABSTRACT 


Several  years  ago  .1  small  project  was  initiated  at  Springfield  Armory 
to  investigate  the  e fleet  of  Loading  Rate  on  the  Yield  Strength  of  Face  Cen¬ 
tered  Cubie,  Body  Centered  Cubic,  and  Close  Hacked  Hexagonal  Materials, 

This  investigation  was  sponsored  by  Otlice  <>1  Ordnance  Research. 

An  attempt  was  made  to  devise  a  simple  dynamic  test.  To  this  end  a 
fixture  designed  and  fabricated  by  Westinghouse  Electric  Co.  was  used.  This 
fixture  contained  a  short  hollow  Cylindrical  fluid  filled  specimen  between  two 
parallel  circular  plates,  hold  together  by  three  equally  spaced  bolts.  The 
upper  plate  contained  a  piston,  which  when  struck  by  a  falling  weight,  trans¬ 
mitted  the  force  to  the  fluid  filled  specimen.  'The  lower  plate  contained  an  in¬ 
strumented  plunger  which  recorded  the  force  and  time.  A  major  disadvantage 
of  the  system  was  the  development  of  end  clamping  effects  which  were  not 
measurable  because  of  Lick  of  adequate  instrumentation. 

The  approximate  ratios  of  static  to  dynamic  yield  strength  at  a  strain  rate 
of  approximately  100  inches/inch/sec.  are  reported. 

A  new  fixture  was  designed  which  eliminated  the  end  effects.  It  consists 
of  a  circular  plate  mounted  on  three  short  columns  and  a  piston  in  the  center. 
The  specin.cn,  a  hollow  cylinder  approximately  4  inches  long  is  threaded  in¬ 
to  the  bottom  of  the  circular  plate  in  line  with  the  piston.  The  lower  end  of 
tne  specimen  is  threaded  into  a  thick  hollow  cylinder  with  a  plunger  inserted 
into  its  lower  end.  The  end  >d  this  plunger  rests  on  the  base  plate  which  sup¬ 
port  s  the  I  i  xt  u re . 

Data  on  4  Tit)  steel  quenched  and  tempered  to  140,000  psi  tensile  strength 
lusted  on  this  fixture  together  with  tensile  specimens  of  the  same  material 
and  heat  treated  to  the  same  physical  properties  and  tested  by  Watertown 
Arsenal  at  a  lower  strain  rate  are  reported. 

Increasing  demands  upon  the  engineer  to  design  and  develop  stronger, 
lighter  structures  has  led  him  to  seek  new  design  criteria.  The  area  in 
which  we  are  particularly  concerned  in  this  investigation,  is  the  dynamic 
behavior  of  metals.  It  has  been  found  that  many  materials  appear  to  be¬ 
have  elastically,  when  dynamically  loaded,  at  stresses  greater  than 

;':Mr.  Earl  II.  Abbe,  Supervisory  Physical  Metallurgist,  Springfield  Armory, 
Springfield,  Massachusetts 
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those  necessary  to  induce  plastic  deformation  when  statically  loaded. 

Our  ultimate  objective  is  to  obtain  sufficient  data  to  produce  a  family 
of  curves  for  several  engineering  materials,  such  as  is  schematically 
represented  in  Figure  1.  The  ordinates  represent  the  yield  strength  and 
the  strain  rate  is  progressively  increasing  on  the  abscissa.  This  is  a 
purely  idealistic  concept  where  A,  B,  and  C  represent  the  static  yield 
strength  of  three  materials  and  the  curves  originating  at  these  points 
might  illustrate  the  dynamic  behavior  of  these  materials  at  various  strain 
rates.  The  dynamic  yield  strengths  at  strain  rate  2  would  be  G,  H,  and  I 
respectively.  Let  us  now  suppose  that  whereas  the  loading  may  approach 
strain  rate  2,  the  minimum  strain  rate  is  1.  The  designer  must  use 
the  minimum  strain  rate  in  order  to  avoid  plastic  deformation,  therefore, 
he  could  use  the  values  D,  E,  and  F  less,  of  course,  the  selected  factor 
of  safety. 

Figure  2  illustrates  a  series  of  load  vs  time  traces  for  some  material. 
Load  A  represents  the  static  yield  strength.  Curves  X,  Y,  and  Z  represent 
three  different  loading  cycles.  By  construction  curves  X  and  Y  have  the 
same  maximum  load  C.  The  strain  rate  of  X  (D  .  /  ^  )  is  somewhat 

_D  (T  or  <O'V0C  ) 

greater  than  K  or  tan  p and  if  the  material  is  sensitive,  or  perhaps  I 
should  say,  less  sensitive,  then  the  material  loaded  in  accordance  with 
curve  Y  should  be  more  liable  to  plastically  deform  than  the  same  material 
loaded  in  accordance  with  curve  X.  Will  the  material  behave  in  this 
manner?  Before  we  investigate  this  subject  further  let  us  look  at  curve 
Z.  It  was  so  constructed  that  the  loading  rate  is  exactly  the  same  as  Y, 
however,  it  peaks  at  load  B  and  the  load  is  maintained  for  a  considerably 
longer  period  of  time.  Z  only  reaches  a  maximum  of  B,  which  is  much 
lower  than  C,  although  both  of  these  are  greater  than  the  static  yield 
strength  A.  With  the  same  loading  rate,  will  material  loaded  in  accordance 
with  trace  Y  be  more  liable  to  plastically  deform  than  the  same  material 
loaded  in  accordance  with  Z  due  to  the  greater  load  level? 


Another  criteria  is  based  on  rise  time  and  OP,  QQ,  and  OR  would 
represent  the  rise  time  for  X,  Y,  and  Z  respectively.  Based  on  this 
criteria  Y  would  be  more  liable  to  plastically  deform  than  X  but  I  am  not 
sure  how  to  estimate  the  relative  behavior  of  Z  in  relation  to  X  and  Y. 
Under  this  concept,  due  to  the  lack  of  symmetry  of  the  loading  and  unload¬ 
ing,  pulse  duration  OL,  OM,  and  ON  may  be  reported  with  OL  ,  OM  , 
and  ON  as  loading  time.  "2  ~~2 


No  plastic  deformation  would  be  expected  for  any  of  these  cycles  if  the 
static  yield  strength  on  this  diagram  were  at  C  instead  of  A,  if  the 
material  in  general  is  insensitive  to  load  rate  below  static  yield  point, 
then  only  that  portion  of  the  curve  above  level  A  is  significant  and  the 
only  criteria  should  be  S,  T,  U,  AB,  and  AC.  Now  S  and  T  are  equal  but 
U  is  much  greater;  will  Z,  therefore,  plastically  yield  before  X  and  Y  or 
since  AC  is  much  greater  than  AB  will  these  yield  before  Z?  Perhaps  it 
is  the  area  of  the  curve  above  the  static  yield  strength  which  will  determine 
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the  order  of  plastic  deformation  of  the  material.  If  this  be  the  case  all 
three  should  behave  in  the  same  manner  since  these  areas  are  all  approx¬ 
imately  equal.  Probably  the  behavior  is  related  to  over  stress,  rate  of 
loading  above  yield  strength,  and  duration  of  the  overstress. 

Based  on  the  above  discussion  we  feel  that  the  structure  must  be  de¬ 
signed,  using  a  dynamic  criteria  representing  all  the  conditions,  selecting 
the  least  dynamic  influence  with  the  probability  that  more  instantaneous 
loads  will  have  less  effect  on  the  material.  Of  course,  high  explosives 
with  rise  time  in  the  order  of  microseconds  or  less  may  result  in  an 
entirely  different  behavior  of  the  material,  this  is  why  the  curves  in  Figure 
1  dropped  off  at  the  right  hand  side  of  the  diagram. 

A  few  years  ago  we  were  engaged  in  a  modest  investigation  of  "Effect 
of  Crystalline  Structure  of  Metals  on  Ratio  of  Static  to  Dynamic  Yield 
Strength"  sponsored  by  the  then  Office  of  Ordnance  Research.  We  em¬ 
ployed  a  cylindrical  specimen  and  drop  weight  machines  to  induce  an 
impulse  load.  Figures  3  &  4  illustrate  the  drop  testers.  The  Tinius  Olsen 
Impact  Tester  employs  a  10  and  a  20  pound  hammer  which  can  be  dropped 
from  any  height  up  to  10  feet.  The  Westinghouse  machine  has  a  carriage 
weighing  26  pounds  which  can  be  loaded  with  weights  up  to  321  pounds. 

The  drop  height  can  be  varied  continuously  to  3  -  1/2  feet  by  presetting 
hoist  limit  and  drop  limit  microswitches.  A  table,  weighing  approximately 
1600  pounds,  on  which  the  fixture  is  mounted,  rests  on  a  large  coil  spring 
and  is  free  to  slide  between  the  rails. 

The  fixture  is  illustrated  in  Figure  5.  The  specimen,  a  ring  one  half 
inch  high,  one  half  inch  bore,  and  having  a  maximum  outside  diameter  of 
one  inch,  is  clamped  between  the  upper  and  lower  heads.  A  piston  fits 
into  a  hole  in  the  upper  head  and  an  instrumented  plunger  extends  through 
the  lower  head.  The  space  inside  the  specimen  between  the  piston  and  the 
instrumented  bar  is  filled  with  a  fluid  (glycerine).  A  blow  on  the  piston 
causes  an  internal  pressure  to  induce  a  circumferential  strain  in  the 
specimen.  In  this  system  it  was  difficult  to  prevent  leakage  and  eliminate 
the  effect  of  axial  compressive  stresses. 

At  a  recent  meeting  of  engineers  and  scientists  of  Watervliet  Arsenal 
and  Springfield  Armory  it  was  proposed  that  several  of  the  approaches  to  the 
dynamic  yield  strength  be  explored  using  a  common  material  and  similar 
conditions  of  loading  rates  and  pressures  in  an  attempt  to  determine  what 
degree  of  correlation  exists. 

We  were  invited  to  participate  and  in  June  of  this  year  initiated  the  pre¬ 
sent  investigation.  Our  objectives  were  to  cooperate  in  the  above  program 
and  to  endeavor  to  develop  data  on  the  dynamic  yield  strength  of  materials 
at  different  loading  rates.  The  testing  method  should  be  relatively  simple  and 
economical  and  above  all,  able  to  reproduce  results  consistently.  The 
approach  selected  was  to  use  hollow  cylindrical  test  specimens  hydrostati¬ 
cally  loaded,  Figure  6.  A  fixture  was  designed  and  fabricated,  consisting 
of  a  top  plate  supported  by  three  equally  spaced  columns  mounted  on  a 
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base  plate.  A  hole  through  the  top  plate  accommodates  a  piston  and  a 
specimen  screws  in  at  the  bottom  side.  Screwed  onto  the  other  end  of 
the  specimen  is  a  short  hollow  cylinder  (a  sealing  chamber)  having  a 
plunger  insert*!  into  it  from  the  opposite  side  with  one  end  resting  on  the 
base  plate.  The  sealing  chamber  has  an  opening  for  a  pressure  gage 
while  the  top  plate  has  an  orifice  with  a  ball  check  valve  through  which 
fluid  is  introduced  into  the  specimen.  The  specimen  is  stressed  by  trans¬ 
mitting,  through  the  fluid',  a  force  applied  to  the  top  plate  piston,  developed 
by  dropping  a  weight  from  some  height.  The  instrumentation  consists  of 
two  oscilliscopes ,  a  piezo  electric  pressure  gage  and  amplifier,  two 
strain  gages  with  their  associated  D.  C.  bridges. 

The  specimens  are  instrumented  with  strain  gages  and  a  pressure 
pickup  to  determine  the  tangential  and  transverse  strain  on  the  surface 
of  the  specimen  and  internal  pressure  which  induced  that  strain.  One 
oscilliscope  records  tangential  and  transverse  and  pressure  v.  s.  time 
while  the  other  oscilliscope  records  tangential  and  transverse  strain  v.  s. 
pressure. 

It  was  decided  that  since  Dr.  Hammer's  group  were  developing  pres¬ 
sures  in  excess  of  50,000  p.  s.  i.  with  a  rise  time  of  approximately 
1/2  millisecond  that  we  should  initially  strive  to  operate  within  these 
parameters.  These  values  are  in  line  with  the  pressure  time  curves  for 
much  of  the  ammunition  currently  being  used  in  small  arms.  We  set  up 
our  equipment  in  the  Westinghouse  Drop  Tester,  slide  7  and,  using  a 
76#  weight  developed  peak  pressures  of  31,200  p.  s.  i.  with  rise  time  of 
4  milliseconds  at  2  foot  drop  height.  This  was  unexpected  so  we  trans¬ 
ferred  the  fixture  to  the  Tinius  Olsen  Tester  with  the  results  shown.  In 
our  prior  investigation  we  had  experienced  no  difficulty  in  developing 
the  pressures  and  rise  times  desired  but  now  our  results  were  way  out 
of  line.  The  differences  found  with  the  two  machines  we  attributed  to 
the  variation  in  rigidity  of  the  two  bases.  The  slow  rise  time  must  be 
due  to  the  much  larger  volume  of  fluid  in  our  present  system.  In  order 
to  check  this  we  inserted  a  loose  steel  plug  inside  the  specimen  which 
would  substantially  reduce  the  volurre  of  liquid.  As  you  can  see  rise  time 
and  pulse  width  are  reduced  and  the  peak  pressure  substantially  increased. 
Figure  8  shows  the  effect  of  further  reduction  in  the  volume  of  fluid  and 
the  influence  of  the  mass  of  the  hammer.  The  introduction  of  a  rubber 
pad  between  the  plunger  and  the  hammer  reduced  the  shock  waves  and 
"hash"  on  the  oscillograms.  It  is  our  belief  that  the  relative  compres¬ 
sibility  of  the  fluid  used  will  further  affect  the  rise  time  and  we  intend 
to  investigate  this  variable  in  our  future  work.  This  study  has  been 
quite  valuable  as  it  produced  a  simple  method  for  obtaining  quite  a  wide 
range  of  rise  times  for  subsequent  investigations. 

Many  investigators  in  the  past  have  been  content  to  work  with  an¬ 
nealed  low  strength  materials.  Such  materials  would  not  be  used  in 
structures  where  the  increase  in  dynamic  over  static  yield  strength 
would  be  important.  Most  annealed  structures  have  an  entirely  different 
crystalline  structure  from  those  found  in  hardened  materials,  and  they 
may  behave  in  a  different  manner  and  degree.  We  selected  4340  steel 


'i'iimi  .1  single  heat  iiul  I1c.1l  treated  it  to  III),  ZOO,  and  2H0  thousand  p,  s.  i. 

I  nil.-.  il«-  s  t  r  e  1 1  g  I  h  and  made  spei  miens  lor  this  investigation  together  with 
spm  lim.-ns  tor  Dr.  Andersen  ol  Watertown  Arsenal  Laboratory,  and 
material  lor  Dr.  llaniiner  ol  Springfield  Armory. 

Figure  is  a  talde  oi  the  preliminary  results  on  quarter  iiu:h  tensile 
test  specimens.  Static  tests  were  conducted  with  the  results  shown.  The  • 

dynamic  tests  were  conducted  by  Dr.  Andersen  of  Watertown  Arsenal  vising 
his  "Medium-Speed  Tensile  Testing  Machine".  Notched  tensile  bars  with 
the  same  diameter  at  the  bottom  of  the  notch  were  also  tested  as  indicated. 

A  total  of  24  tensile  liars  and  iS  notched  bars  were  submitted.  One  half 
will  be  tested  at  room  temperature  and  the  other  half  at  -6S°  F.  Due  to  * 

the  capacity  limit  of  this  equipment  it  will  probably  be  necessary  to  re¬ 
duce  the  section  size  ol  the  specimens  in  order  to  complete  the 
investigation. 

Figure  10  is  a  table  of  static  and  dynamic  tests  run  on  the  specimens 
designed  for  this  investigation. 

CONCLUSIONS 

Rased  on  the  complexity  of  the  problem  we  have,  of  course,  not  been 
able  to  develop  any  useful  engineering  data  in  this  short  time,  but  we 
believe  that  our  investigation  has  been  beneficial  in  the  following  respects: 

» 

1.  High  strength  materials  are  being  tested  by  several  methods  with 
many  variables  removed  in  order  to  determine  reliability  of  these  tech¬ 
niques. 

* 

2.  Dynamic  yield  strength  values  of  engineering  materials  at  various 
strain  rates  are  being  developed. 

5.  Methods  of  producing  various  strain  rates  have  been  discovered.  ^ 

RECOMMENDATIONS 

1.  Unless  serious  fault  can  be  found  in  this  investigation,  that  it  be 
cont  inued. 

2.  Concentrated  effort  be  applied  to  determine  most  realistic  parameter 
or  parameters  for  describing  high  rate  loading,  including: 

a.  Rise  time 

b.  Strain  rate 

c.  Slope  of  curve 

d.  Duration  of  load  above  static  yield  strength  level  1 

e.  Area  of  curve  above  SYS  line 

f.  Slope  of  curve  above  SYS 

g.  Others 
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FIGURE  9 
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FIGURE  10 
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The  primary  factors  concerned  by  utilization,  in  design,  of 
stresses  higher  than  the  static  yield  strength,  are  the  magnitude  of  the 
loads  and  the  relations  between  loads  and  time. 

Once  we  have  applied  loads  at  rates  high  enough  to  exceed  the 
static  yield  strength,  the  material  is  in  an  unstable  state  and  it  is  only 
a  matter  of  time  before  gross  yielding  and  fracture  occur,  as  shown  by 
Clark  and  Wood  and  others.  I  believe  Mr.  Abbe  does  very  well  in  re¬ 
iterating  this  fact  by  way  of  his  quest;  from  this  fact  limbB  the  benefit 
of  strain  rate  effects  in  design  to  very  special  situations. 

A.  G.  H.  Andersen 
W.  A.  L. 


KX PI, OS IV K  DEFORMATION  OP  BEAMS 


E.  N.  Clark'-,  !•'.  il.  Selim itt •' ■,  I),  (1.  Ellington*** 


ABSTRACT 

This  paper  is  an  abstract  of  work  hemp  done:  at  Picatinny  Arsenal  as 
part  ol  the  Air  Force  Aeronautical  Systems  Division  propram  on  structural 
response  to  impulsive  loading. 

To  date  experiments  which  determine  the  central  deflection  versus  time 
of  rigidly  clamped  and  free  rectangular  beams  of  constant  cross  section 
have  been  performed. 

Beams  of  60bl  T6  A1 ,  20240  A1  and  a  soft  1010  steel  were  placed  on  sup¬ 
ports  approximately  ten  inches  apart  and  centrally  loaded  with  a  sheet  of  high 
explosive.  The  central  deflection  of  these  beams  was  observed  with  a 
framing  and  streak  camera.  Representative  graphs  are  included. 

The  high  explosive  (trade  name  EL  50f>  D)  was  calibrated  by  measur¬ 
ing  the  velocity  imparted  to  a  known  mass  of  aluminum  which  was  covered 
by  an  effectively  "infinite"  but  known  amount  of  HE.  It  was  determined 
that  the  HE  delivered  1H.  (>0  (10  )  dyne  per  gm  of  HE  through  a  .  OSS  inch 
thick  sheet  of  polyethylene. 

INTRODUCTION 


This  paper  is  an  abstract  of  work  being  done  at  Picatinny  Arsenal 
studying  the  plastic  deformation  of  various  structural  elements  of  air 
frames.  To  date  the  major  effort  has  centered  on  the  calibration  of  the 
impulse  imparted  by  the  explosive  and  the  deformation  of  rectangular 
beams  of  constant  cross  section,  both  free  and  clamped.  This  work  is 
supported  by  the  Air  Force  and  complete  details  and  results  of  the  work 
may  be  obtained  by  referring  to  progress  reports  (1).  This  report  will 

*  E.  N.  Clark,  Chief  Dynamics  Unit,  Engineering  Sciences  Laboratory, 
Feltman  Research  Laboratories,  Picatinny  Arsenal,  Dover,  New  Jersey, 

**  F.  IT.  Schmitt,  Physicist,  Dynamics  Unit,  Engineering  Sciences 
Laboratory,  Feltman  Research  Laboratories,  Picatinny  Arsenal, 
Dover,  New  Jersey. 

***  D.  G.  Ellington,  Chemical  Engineer,  Dynamics  Laboratory,  Engineer 
Engineering  Scienc*  s  Laboratory,  Feltman  Research  Laboratories, 
Picatinny  Arsenal,  Dover,  New  Jersey. 
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describe  the  experimental  techniques  and  give  some  of  the  results.  A 
complete  description  of  all  results  may  be  found  in  the  cited  reference. 

We  shall  discuss  first  the  calibration  of  the  impulse  and  then  the  beam 
measurements. 

CALIBRATION  OF  EXPLOSIVE 

Preparation  of  Explosive 

The  high  explosive  used  was  a  composition  of  approximately  80%  PETN 
and  20%  latex  rubber.  The  HE  (trade  name  EL  506  D)  was  purchased  from 
DuPont  and  came  in  sheet- form  16"  x  10"  x  .  050".  It  was  rolled  at  the 
Arsenal  in  a  roll  mill  to  smaller  thicknesses  of  0.  010",  0.  015",  0,020", 

0.  030"  and  0.  045".  Each  thickness  of  HE  was  used  in  the  calibration  to 
determine  the  impulse/unit  weight  it  would  produce. 

Prom  each  thickness  of  HE  available,  a  rectangular  section  of 
approximately  2"  x  1.  75"  was  cut  with  a  "cookie  cutter".  The  dimensions 
of  each  sample  area  were  measured  with  a  traveling  microscope  to  one- 
thousandth  of  a  millimeter  and  each  sample  was  weighed  to  one-ten- 
thousandth  of  a  gram.  The  thickness  of  each  sample  was  measured  at 
twelve  different  locations  and  only  samples  that  showed  less  than  0.  0007" 
variation  in  thickness  were  used.  Thus,  the  weight  per  unit  area  of  explo¬ 
sive  was  determined  and  the  requirement  of  uniformity  of  thickness  assured 
that  its  variation  across  the  sample  was  small. 

Experimental  Setup 

In  order  to  measure  the  impulse  that  the  HE  would  deliver  to  aluminum, 
the  following  basic  experiment  was  performed:  A  rectangular  piece  of 
aluminum  (called  time  piece  of  pellet),  1.  5"  x  1.  2"  x  0.  25",  was  surrounded 
by  baffles,  set  loose  enough  to  permit  the  time  piece  to  fall  freely  under 
the  influence  of  gravity.  See  Figures  1  and  2. 

This  grouping  of  metal  was  supported  approximately  3  feet  off  the  ground. 
A  piece  of  low  density  (1.09  gm/cm  )  polyethylene  was  placed  over  the  time 
piece  to  reduce  the  possibility  of  spall.  The  sample  of  HE  was  then  centered 
over  the  polyethelene  and  time  piece,  and  taped  in  place.  A  fan  shaped 
piece  of  the  same  HE  was  taped  to  the  2"  wide  side  of  the  sample  to  act  as 
a  lead  and  was  detonated  by  an  electric  blasting  cap.  A  streak  camera, 
focused  on  an  edge  of  the  time  piece  and  at  90  degrees  to  the  direction  of 
detonation,  and  a  Fastax  framing  camera,  focused  on  the  time  piece  edge 
facing  the  detonation  front,  were  used  to  observe  the  motion  of  the  time 
piece. 

Reference  markers,  0.030"  steel  drills,  were  mounted  under  the  steel 
plate  and  just  in  front  of  the  vertical  plane  of  the  edges  of  the  time  piece, 
in  view  of  the  camera.  The  drills  were  placed  about  one  inch  apart;  how¬ 
ever,  exact  measurements  to  one-thousandth  of  a  millimeter  were  taken. 
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A  tilin'  Mali:  Ini'  thf  fit  rt'ak  i  amri'a  was  plated  uii  the  him  hv  plioto- 
g r.i|ili  1 1 it;  a  It'  kc  signal  mi  an  ost  illost  u|n:  which  came  Irimi  a  secondary 
(requeues'  standard.  The  Iramiiij;  camera  used  the  time  calibration  pips 
from  a  1  kc  trequeney  standard.  Ifoth  oscillators  were  checked  periodically 
and  were  lound  to  have  negligible  error. 

Ilie  streak  camera  consisted  of  a  Id"  focal  length  lens  focusing  the 
intake  o!  the:  event  on  a  slit.  A  General  Radio  ISmin  oscilloscope  camera, 
which  can  transport  film  at  the  rate  of  150'  per  second,  was  focused  on  the 
back  of  the  same  slit.  This  camera  jjave  extremely  sharp  and  well  defined 
traces  and  it  svas  possible  to  determine  the  velocity  of  the  time  piece  to 
better  than  0.  2%  hv  this  method. 

Thus,  with  the  known  mass  of  the  time  piece,  the  impulse  imparted  to 
the  time  piece  could  be  determined.  The  explosive  was  cut  so  that  it 
overlapped  all  elites  of  the  time  piece  sufficiently  so  that  no  edge  effects 
of  the  explosive  were  felt  by  the  time  piece.  The  amount  of  effective  explo¬ 
sive  was  determined  by  multiplying  the  area  of  the  time  piece  by  the  weight 
per  unit  area  ol  the  explosive. 

Results 


Figure  1  gives  a  plot  of  the  results  of  specific  impulse  (dyne- sec) 

gm 

as  a  function  of  w/c,  the  ratio  of  weight  per  unit  area  of  pellet  to  weight 
per  unit  area  of  explosive.  Each  point  is  the  average  of  at  least  3  shots  and 
the  numbers  next  to  the  point  indicate  from  top  to  bottom,  the  thickness 
of  theecplosive  in  thousandths,  the  length  of  the  time  piece  in  inches  (it 
always  had  a  width  of  1,  3")  and  the  thickness  of  the  time  piece  in  inches. 

The  vertical  line  represents  plus  or  minus  1  standard  deviation. 

The  point  -13,  1,  1/-1  represents  a  point  where  all  the  time  pieces 
spalled,  although  the  spall  did  not  separate.  The  point  is  shown  on  the 
graph;  however,  the  fact  that  spall  occurred  is  considered  sufficient  justi¬ 
fication  to  neglect  this  point  and  it  lias  not  been  considered  in  the  analysis. 
The  point  10,  1,  1/4  represents  10  shots,  only  3  of  which  actually  detonated, 
but  there  is  no  apparent  reason  why  this  point  lias  such  a  high  specific 
impulse . 

At  least  square  fit  of  the  data  gives  a  slightly  positive  slope;  however, 
it  lias  no  statistical  significance  and  we  therefore  conclude  that  the  impulse 
is  independent  of  w/c.  throughout  ‘he  range  that  we  have  studied.  The  fact 
that  the  impulse  is  independent  of  w/c  is  further  verified  by  independent 
measurements  (2  and  i)  taken  by  flash  radiography,  These  experiments 
establish  that  the  impulse  is  independent  of  w/c  beyond  a  value  of  w/c  ^3, 
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Explosive  covered  pellet  positions  5  through  8 


TADI.K  TT 

EFFECT  OF  BLAST  LOA.DFNG  AND  RELEASE  WAVE  LOGS  ON  COMPUTED  IMPUISE 


Particle  Position  Avg  Impulse 

(  Not  Covered  With  dyne  see  Impulse  Gain 

_ HE) _ x  10  3 _ A vg  Impulse _ Due  to  Blast _ Difference 


*  >=  (A vc  Impulse  for  positions  6-11)  -  (avg  impulse  of 

Specific  particle  5  or  12) 
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Edge  Effects 


The  experiment  to  measure  the  specific  impulse  of  the  explosive  was 
•  designed  to  avoid  any  effects  resulting  from  exposed  edges  of  explosives. 

Since  the  method  of  loading  the  beams  was  that  of  laying  a  strip  of  explosive 
across  the  beam,  there  were  two  edges  exposed.  Thus,  it  was  necessary 
that  experiments  be  conducted  to  determine  the  size  of  this  effect.  This 
was  accomplished  by  arranging  16  time  pieces  1/4"  thick  and  1/4"  long  and 
the  usual  1.  2"  wide,  in  the  manner  of  a  single  time  piece  4"  x  1.  2"  x  1/4". 
The  arrangement  was  loaded  with  a  2"  wide  piece  of  explosive  centrally 
located.  The  velocities  of  the  pieces  were  determined  by  streak  and  fram- 
4  ing  camera.  A  variation  of  this  experiment  was  to  make  the  central  6 

pieces  one  single  time  piece  since  it  was  found  that  the  central  six  had  the 
same  velocity  and  we  thus  lessened  the  amount  of  smoke  as  seen  by  the 
camera. 

The  framing  camera  was  used  to  get  the  velocity  of  the  center  of  mass 
by  making  successive  measurements  on  a  diagonal  thus  locating  the 
coordinates  of  the  center  of  mass,  It  was  assumed  that  there  was  only 
motion  parallel  to  the  plane  of  the  film,  that  is,  the  velocity  had  no  hori¬ 
zontal  component  normal  to  the  film  plane.  This  assumption  tends  to  be 
verified,  since  the  horizontal  velocity  that  can  be  measured  in  the  plane 
of  the  film  is  negligibly  small. 

The  results  of  7  sets  of  these  measurements  are  given  in  Figure  4 
and  Table  I.  These  results  are  taken  from  the  framing  camera  only, 
since  the  measurement  of  the  slower  fragments  with  the  streak  camera 
were  difficult  to  measure  accurately.  However,  the  streak  camera  mea¬ 
surements  of  the  experiments,  where  the  1.  5"  wide  central  time  piece  was 
used,  did  provide  an  opportunity  to  compare  the  streak  and  framing  camera 
results,  as  will  be  discussed  later. 

Referring  to  Figure  4,  the  sum  of  the  ordinates  under  the  dotted 
i  rectangle  represents  the  total  impulse,  assuming  the  specific  impulse 

quoted  and  neglecting  all  edge  effects.  The  edge  effects  are  made  up  of 
two  phenomena.  The  first  is  an  expansion  of  the  detonation  products  from 
the  edge,  faster  than  if  confined  by  more  explosive,  which  results  in  a  loss 
of  impulse.  The  second  is  blast  loading  of  the  structure  beyond  the  region 
in  contact  with  the  explosive.  Unless  the  moment  of  the  impulse  is  critical, 
the  two  effects  cancel  out  to  well  within  experimental  error  as  can  be  seen 
from  Table  II.  These  particular  tests  were  done  for  0.  015"  thick  explo¬ 
sives.  (For  the  expansion  of  the  detonation  products  the  effect  scales 
according  to  the  thickness.  )  The  scaling  laws  for  blast  effects  are  not 
particularly  adaptable  to  these  circumstances  since  the  distance  to  where 
the  pressure  is  sensed  is  smaller  than  the  width  of  the  explosive  and  the 
t  explosive  may  approximate  a  semi- infinite  sheet.  However,  since  the 

thickness  of  explosive  used,  at  worst  ,  was  twice  this  thickness  and  the 
effect  rather  small,  no  appreciable  error  should  result  in  applying  the 
same  results  found  for  0.  015"  up  to  a  thickness  of  0.  030". 
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Comp. 1 1'  iM'ii  ui  Si  r i * ,-t k  ami  K raining  Camera  Data 

As  mi'ii!  lunnl  earlier,  most  ol  the  impulse  i  al  ibrat  ion  was  performed 
with  streak  eamera  coverage  onlv,  nr  at  any  rate,  this  was  the  only  data 
reduced.  However,  training,  earner. i  ohse  rvat  ions  did  indicate  that  the  spin 
was  small  and  observations  of  how  the  time  piece  hit  the  armor  plate  floor 
i  onfirmed  these  conclusions. 

Since  the  training  camera  was  relied  upon  primarily  lor  the  edge 
effects,  this  provided  the  opportunity  for  a  comparison  of  the  streak  and 
framing  camera  data.  The  framing  camera  always  permitted  measurements 
to  he  made  on  a  number  ol  corners  of  the  time  piece  so  that  by  measuring 
the  coordinates  ot  the  ends  ol  a  diagonal  the  coordinates  and  velocity  of  the 
center  of  mass  could  be  determined.  The  results  of  14  different  measure¬ 
ments  taken  with  the  1,  pellets  in  the  edge  effect  experiment  and  some 
taken  with  2  1/d"  long  pellets  are  given  in  Table  III, 

The  differences  in  the  impulses  for  any  given  film  number  consist  of 
the  experimental  errors  of  the  two  camera  measurements  and  any  effect 
due  to  spinning  of  the  pellet.  Any  correlation  which  would  exist  between 
the  framing  and  streak  camera  results  would  represent  either  a  detectable 
variation  in  the  explosive  or  possibly  some  interference  due  to  the  baffles 
which  would  result  in  a  changed  specific  impulse.  At  a  98%  confidence 
level  there  was  no  significant  correlation;  however,  there  was  at  a  90% 
level.  It  appears,  therefore,  that  approximately  1/3  of  the  spread  in 
results  is  due  to  variation  in  the  explosive,  anti  probably  1/2  of  the  spread 
to  the  spinning  of  the  pellet. 

The  Puoltcr  Laboratories  of  the  Stanford  Research  Institute  have  per¬ 
formed  similar  measurements  with  this  explosive  (1).  In  their  experiment 
they  measured  the  velocity  of  a  time  piece  2"  x  1"  with  the  explosive  flush 
on  all  sides  except  where  the  explosive  lead  was  connected.  Since  the 
explosive  lead  covered  the  2"  side,  a  correction  for  the  edge  effect  of  8" 
must  be  applied  to  their  results  to  make  them  compatible  with  our  own. 

The  result  quoted  by  the  Stanford  Research  Institute  for  their  experiment 
is  Z.  2  x  10  '  dyne  sec  for  aluminum  and  a  buffer  of  1/16"  polyurethane 
cm  > 

with  a  density  of  0.  o  i  gm/cm  \  This  value  is  their  impulse  constant  for 
aluminum  and  is  obtained  by  dividing  the  impulse/unit  area  by  the  thickness 
of  HE  rather  than  by  the  weight  of  the  explosive  as  we  have  done.  Our  com¬ 
parable  figure  is  2.  89  1  x  10"  dyne  sec/cm  '  with  a  buffer  of  0.  088"  and 

I. 09  gm/cm*  density  polyethylene.  However,  from  Table  II  we  sec  that 
for  our  2.  4"  of  edge  for  0.  018"  thick  explosive,  the  impulse  lost  was 

II.  8  5  dyne  sec  x  10*.  Using  these  figures,  a  correction  can  be  calculated 
which  will  raise  the  SRI  value  to  2.  46  x  101*  dyne  sec/cm*,  thus  giving 

an  agreement  within  8.  2%  which  is  entirely  satisfactory  in  view  of  experi¬ 
mental  errors  and  differences  associated  with  the  experiments. 
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TABLE  IT  I 


SPECIFIC  IMPURE  AS  DETERMINED  BY  FAST  AX  f IRAMING^ AND  G.  R .  (STREAi^  CAMERAS 


Shot  No. 

Fas tax 

dyne  sec  x  l(r 

~m — 

G.  R.  ^ 

dyne  sec  x  10 
gm 

135 

17.974 

19.187 

136 

lQ.4o4 

19.392 

139 

17.996 

- 

140 

18.720 

- 

14 1 

18.149 

18. 412 

143 

19.632 

- 

144 

18.338 

18.703 

146 

17.171 

- 

147 

19.355 

18.105 

150 

17.562 

-  ■ 

151 

18.010 

19.377 

152 

18.547 

18.918 

153 

17.874 

18.417  . 

154 

19.387 

18.976 

Avg  18 . 366 

Avg  18.831 

(T  -  0.711 

=  0.456 

coef  var  =  3.87$ 

coef  var  =  2.42$ 

*  Grand  Average  of  18.599  dyne  sec 

m 


*  This  value  is  used  in  beam  calculations  for  this  lot  of  explosive 


9 


* 


r 


* 


% 


F ree  Beams 


The  experimental  set  up  used  in  the  free  beam  experiments  is  shown 
in  Figure  5.  The  beams  had  nominal  dimensions  of  12  inches  length,  1.  2 
inches  width,  and  either  1/4  or  1/8  inch  thickness.  Three  types  of  beam 
material  were  studied  -  6061  T6  A1 ,  20240  A1  and  a  soft  1010  steel. 

The  beams  were  supported  on  a  0.  3  inch  diameter  fixed  steel  rod, 

10.  068  inches  apart.  A  similar  rod  was  used  on  top  of  beam  and  was 
fashioned  into  a  roller  assembly  which  pivoted  about  the  fixed  rod.  This 
arrangement  permitted  the  beam  to  deform  without  introducing  tension  at 
the  support  ends  and  yet  prevented  vertical  motion  of  the  beam  (rebound). 

This  roller  assembly  was  made  from  aluminum,  wherever  possible,  in 
order  to  keep  the  mass  and  moment  of  inertia  as  low  as  possible.  The  roller 
assembly  as  used  with  1/4”  A1  and  steel  beam  had  a  mass  of  82.  8  gm  and  a 
moment  of  inertia  of  517.  61  gm-cm  .  With  the  1/8”  A1  beams  the  figures 
were  48.  0  gm  and  257.  23  gm-cm^.  (The  guides  were  removed  with  the 
thinner  beams.  )  These  figures  are  3.  6%  and  3.  3%  of  the  moment  of  inertia 
of  the  1/4"  A1  and  1/8”  A1  beams  respectively. 

In  order  to  prevent  any  binding  between  the  beam  and  roller  a  .  005  inch 
gap  was  introduced  at  set  up,  between  the  beam  and  the  roller.  This  gap 
was  sufficient  to  permit  the  beam  to  move  through  a  relatively  large  angle 
before  the  roller  was  forced  to  move.  Framing  camera  pictures  showed 
that  the  rollers  did  not  start  to  move  until  the  beam  had  undergone  almost 
maximum  deflection;  therefore,  the  roller  had  little  effect  on  the  motion 
of  the  beam  up  to  the  first  maximum. 

Baffles  the  same  thickness  as  the  beam  were  placed  in  front  of  and  to 
the  rear  of  the  beam  and  held  in  close  contact  by  tape.  These  baffles  were 
generally  sufficient  to  keep  the  smoke  of  the  explosive  from  obscuring  the 
motion  of  the  beam.  However,  if  difficulty  with  smoke  was  encountered, 
the  beam  was  then  raised  1/8”  so  that  the  baffle  would  be  effectively 
thicker  and  thus  act  for  a  longer  time.  A  second  method  which  was  some¬ 
times  used  was  that  of  placing  a  thin  sheet  of  lucite  under  the  front  baffle 
very  close  to  the  front  edge  of  the  beam  sothat  the  light  reflected  from  the 
beam  would  have  to  go  through  only  a  thin  layer  of  smoke.  With  these 
techniques  it  was  possible  to  photograph  the  motion  of  any  explosive  beam 
combination  attempted. 

Whenever  it  was  possible,  the  bottom  of  the  beam  was  placed  slightly 
below  the  bottom  of  the  baffle  so  that  the  rest  position  of  the  beam  could 
be  accurately  determined.  In  cases  where  this  was  not  possible  the  bottom 
of  the  beam  was  measured  in  reference  to  a  fedutial  marker  which  was 
visible  in  the  film,  thus  determining  the  rest  position  of  the  beam.  Zero 
time  was  determined  by  observing  the  flash  across  the  film  at  the  detonation 
time.  The  time  for  the  detonation  to  sweep  across  the  beam  (approximately 
5  microseconds)  verges  on  the  time  resolution  of  the  camera  and  is  small 
compared  to  the  time  of  motion  of  the  beam. 

Fedutial  markers  placed  approximately  1  inchapart  are  placed  as  close 
to  the  plane  of  motion  of  the  front  of  the  beam  as  possible,  in  most  instances 
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within  1/16",  although  in  the  ease  where  it  was  necessary  to  use  a  lucite 
sheet,  this  distance  was  increased  to  1/4  inch.  Since  the  distance  from  the 
beam  to  the  lens  of  the  streak  camera  was  generally  8  feet,  the  maximum 
error  introduced  by  parallax  was  0.  25%  although  in  most  cases  it  was  con¬ 
siderably  less,  therefore,  the  error  introduced  in  this  manner  was  neglected. 

All  free  beams  were  12"  long,  and  were  supported  on  uprights  10.  068" 
apart,  resulting  in  an  approximate  1"  overhang  at  each  end  of  the  beam.  The 
geams  were  loaded  with  sheet  explosive  initiated  in  an  identical  manner  to 
that  used  in  the  impulse  calibration  work  and  a  sheet  of  .  055"  polyethylene 
was  placed  between  the  explosive  and  the  beam.  Three  shots,  each  of  five 
different  types  of  free  beams,  have  been  fired  to  date.  The  results  are 
given  in  Table  IV  for  each  shot.  The  position-time  history  for  a  typical 
shot  for  each  type  of  beam  are  given  in  Figures  VI  to  X.  The  B  prefix 
in  film  numbers  on  graphs  denotes  a  free  beam  test. 

Clamped  Beams 

For  the  observation  of  the  clamped  beam  motion,  essentially  the  same 
experimental  conditions  existed,  with  the  exception  of  the  stand.  (The 
stand  was  constructed  with  4"  thick  steel  uprights  which  were  welded  to  a 
1"  steel  base  plate  and  held  apart  at  the  top  by  a  2"  x  2"  steel  spacer). 

The  supports  could  withstand  considerably  more  force  than  the  tested  beams 
could  apply  and  still  undergo  only  negligible  deflection.  The  beam  was 
clamped  at  each  end  to  the  upright  by  a  1"  knurled  steel  plate  held  down  by 
four  1"  steel  bolts  torqued  up  to  200  ft-lbs.  After  firing,  the  beams  were 
examined  at  the  knurled  marks  for  signs  of  slipping  and  none  were  found. 

Table  IV  gives  the  results  of  the  series  of  clamped  beams  tested,  and 
the  position  time  histories  of  typical  beams  of  each  type  are  given  in 
Figures  XI  to  XV.  P  prefix  in  film  number  on  graph  denotes  clamped  beam 
tests. 

Referring  to  the  results  of  the  edge  effect  experiment  it  can  be  seen 
that  the  blast  effect  has  a  significant  range.  Therefore,  since  an  explosive 
lead  was  only  on  one  side  of  the  beam,  the  loading  was  somewhat  asymmetri¬ 
cal  due  to  this  blast  effect.  It  will  be  noted,  however,  that  the  experiment 
did  measure  the  total  impulse  acting  on  the  time  pieces  and,  since  the  beam 
had  similar  geometry,  also  the  total  impulse  acting  on  the  beam.  However, 
the  impulse  acting  across  the  width  of  the  beam  was  (due  to  this  blast)  not 
completely  uniform.  This  non-uniformity  was  not  observable  on  any  of 
the  beams  except  some  of  the  weaker  clamped  beams.  Where  this  is  the 
case  the  deflection  is  given  for  both  the  front  and  back  edge  of  the  beam, 
the  back  edge  always  being  that  with  the  larger  deflection. 

Metallurgy  of  the  Beams 

Care  was  taken  to  assure  that  the  beam  remained  physically  undamaged 
in  the  sense  that  there  was  neither  spalling  nor  corner  cracking.  Con¬ 
siderably  less  explosive  than  that  needed  to  produce  spall  was  used  and  the 
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front  baffle  was  of  the  same  material  as  the  beam  to  prevent  shoc  k 
reflection  from  the  front  of  the  beam  with  the:  possible  resultant  corner 
cracking.  As  a  result,  it  is  believed  that  in  no  case  was  the  beam 
damaged  in  this  sense:,  although  it  is  planned  to  section  various  parts  of 
the  beam  samples  to  assure  that  this  is  true. 

When  each  set  of  beams  were  made,  test  coupons  were  prepared  for 
testing  in  both  static  stress  strain  machines  and  the  Picatinny  High  Rate 
Machine  to  be  described  by  Mr.  Roach  later  in  these  proceedings.  How¬ 
ever,  since  the  high  rate  data  is  relatively  recent,  insufficient  analysis 
has  been  given  to  the  data  and  only  the  static  values  are  presented  here. 

Comparison  of  Results  with  Theory 

Most  of  the  beam  results  of  this  wo  rk  are  relatively  recent  and  have 
therefore  not  been  compared  extensively  with  theory,  However,  the  first 
series  of  beams,  the  free  1/4"  6061  T6  aluminum  results,  have  been 
studied  to  a  limited  extent.  Professor  Borg  (4)  of  Stevens  Institute  of 
Technology  has  developed  a  theory  which  essentially  partitions  energy 
among  various  modes  of  vibration.  Professor  Borg  has  made  calculations 
for  this  experiment  and  the  results  are  given  below: 

Theory 

Assumed  Simply  Supported  Experiment  (avg) 


Max  Deflection 

1.  38" 

1.  35" 

Time  to  Max  Def, 

sec 

2210 

1790 

Permanent  Def 

0.  85" 

0.  547" 

It  will  be  noted  that  agreement  for  the  maximum  deflection  is  quite  satis¬ 
factory  while  that  for  the  permanent  deflection  is  much  less  so.  (However, 
it  might  well  lie  expected  that  the  roller  assembly  which  oscillates  many 
times  with  large  amplitude  before  the  permanent  deflection  occurs  might 
take  up  considerable  energy  which  would  thus  result  in  an  experimentally 
smaller  permanent  deflection).  Further,  the  time  to  maximum  deflection 
is  rather  insensitive  since  that  part  of  the  deflection  time  curve  is  rather 
flat  and  the  actual  time  of  maximum  is  normally  determined  by  some 
higher  order  component  of  the  oscillation.  Thus,  for  this  particular 
epxeriment  the  agreement  appears  satisfactory  within  the  limits  of  the 
experimental  conditions. 

Professor  Symonds  (5)  of  Brown  University  has  made  calculations  for 
this  same  beam.  However,  this  theory  assumed  a  rigid-perfectly  plastic 
model  and  the  condition  which  determines  the  applicability  of  this  theory, 
that  the  plastic  deformation  must  be  much  larger  than  any  possible  elastic 
vibration,  is  violated.  Also,  this  theory  only  predicts  the  permanent 
deflection  and  we  have  already  seen  that  the  experimental  conditions  of  the 
experiment  need  improvement  in  this  regard,  therefore  the  agreement 
was  unsatisfactory.  It  is  interesting  to  note:  that  the  average  deflection  for 
the  three  beam  deflections,  according  to  Professor  Symonds,  was  0.88"  while 


that  of  Professor  Bora's  was  0.  86".  This  value  is  in  good  agreement  with 
results  we  have  obtained  with  firings  of  the  same  type  beams  which  were 
resting  only  on  the  bottom  support  cylinder  and  the  rest  of  the  end  constraint 
removed. 

The  Massachusetts  Institute  of  Technology,  as  part  of  this  same  Air 
Force  project,  is  conducting  a  theoretical  study  of  this  problem.  Figure 
XVI,  taken  from  an  early  progress  report  indicates  the  agreement  obtained 
for  this  same  1/4  aluminum  beam,  The  calculations  were  made  by  dividing 
the  beam  into  60  mass  points,  each  point  connected  to  its  neighbor  by  two 
non-linear  springs.  The  conditions  on  the  spring  in  this  case  were  for  an 
elastic,  perfectly  plastic  model,  and  the  calculations  were  made  on  their 
IBM  7090. 
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DISCUSSION 

Dr.  Kumar:  I  would  like  to  remark  that  this  was  a  very  fine  paper.  I 
commend  you  especially  for  the  very  quick  to  the  point  manner  in  which 
you  presented  so  much  material,  Dr.  Clark.  May  I  just  ask  one  ques¬ 
tion?  Was  this  primarily  a  basic  study  or  was  there  any  specific  pur¬ 
pose  for  considering  explosive  loading  of  this  type?  In  reality  would  the 
beams  be  exposed  to  this  type  of  load? 

Dr.  Clark:  We  are  studying  impu'sive  motion.  We  want  the  loading  to 
be  short  with  regard  to  the  response  time  of  the  beam.  Actually  this  is 
simulating  another  effect  that  we  are  interested  in.  The  purpose  of  the 
work  is  to  generate  experimental  information  on  impulsive  motion  of 
this  type  of  structure.  In  correlation  with  MIT  we  are  doing  an  analyti¬ 
cal  and  theoretical  study  of  the  same  problem. 


THERMAL  STRESSES  ARISING  IN  GUN  TUBES 
DURING  REPETITIVE  FIRING 

Et.  E.  G.  Mielke:  .lixl  T.  F.  Mac Eaughlin** 

Thf  stri'.ss  field  in  .1  smooth-bore  gun  tube  due  to  thermal  shocks  re¬ 
sulting  from  repetitive  firing  has  been  determined  analytically  by  Pascual 
and  Xweig  .  An  experimental  program  for  determining  these  stresses  was 
formulated  because  there  are  two  limitations  which  exist  in  the  mathema¬ 
tical  analysis.  These  limitations  are  (1)  difficulty  in  obtaining  stresses  at 
the  bore  surface  and  (if)  difficulty  in  extending  the  analysis  to  include  rifled 
gun  tubes.  Two  experimental  approaches  are  being  employed  concurrently. 
One  of  these  is  known  as  photothermoelasticity,  a  photoelastic  method  de¬ 
veloped  by  Gerard  and  associates*'1  ‘>’  *  for  evaluating  thermal  stresses. 

The  other  technique  utilizes  an  electrical  analog  model. 

This  paper  reports  the  preliminary  study  that  has  been  done,  outlines 
the  experimental  program  which  has  just  begun  and  discusses  the  expected 
scope  of  tin;  project . 

PROBLEM 


The  complete  stress  field  in  a  gun  tube  is  composed  of  two  separate 
stresses,  pressure  and  thermal.  The  pressure  stresses  within  the  wall 
of  the  tube  arc  caused  by  rapidly  expanding  gas  and  also  by  the  radial  de¬ 
formation  of  the  tube  due  to  the'  interference  fit  between  the  projectile  and 
bore.  The  thermal  stresses  are  caused  by  the  hot  gases  giving  up  heat  to 
their  cooler  surroundings  and  also  heat  which  is  generated  at  the  interface 
between  the  projectile  and  bore.  This  paper  will  deal  with  only  the  latter 
classification  of  stresses. 

The  problem  is  as  follows  -  Determine  the  thermal  stress  distribution 
in  a  hollow  tube  with  a  variable  temperature  on  the  bore  surface  and  a  con¬ 
vective  boundary  condition  to  constant  temperature  surroundings  at  the  ex¬ 
ternal  surface. 

One  of  the  most  difficult  tasks  connected  with  either  of  the  experimental 
techniques  to  be  discussed  later  is  the  generation  of  a  temperature  or  voltage 
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which  duplicates  the  actual  temperatures  that  exist  on  the  internal  sur¬ 
face  of  the  tube.  Figure  I  approximates  very  closely  an  actual  set  of 
experimental  data  and  was  used  by  Pascual  and  /.weig*  in  their  mathema¬ 
tical  analysis.  This  data  was  chosen  for  initial  studies  as  it  provided 
a  theoretical  solution  with  which  a  portion  of  our  results  could  be  corre¬ 
lated. 


•MPTt 


no.  i 


PHOTOTHERMOELASTIC  APPROACH 


The  basic  heat  conduction  equation  in  cylindrical  coordinates  is 

dZt  +  J_  d  t  =  1  d  t  (1) 

*^r2  r  0  r  CK  J  X 

where  t  is  temperature,  r  is  radial  position,  Oi  is  thermal  diffusivity 
and  X  represents  time.  The  boundary  conditions  which  must  be  satisfied 
are 

a^r<b  t  =  tQ  T<0 

r  =  a  t  =  f(  T  )  T  >  0  (2) 
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where  .1  is  tin:  inner  radius,  b  is  the  outer  radius,  t  is  the  external 
surroundings  temperature  and  li  is  the  convective  heat  transfer  coefficient. 
The  expressions  may  he  nondimensionali/.cd  by  introducing 
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where  t  is  a  referetu:e  temperature  and  7*u  iy  the  time  for  one  cun, 
plete  cycle  (shut).  The  results  are 
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Therefore,  a  solution  for  the  temperature  distribution  must  be  of  the  form 
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(6) 


To  insure  the  same  relative  temperature  distribution  in  the  gun  as  exists 
within  the  photoelastic  model  the  following  conditions  must  be  fulfilled 
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where  the  subscripts  m  and  p  denote  model  and  prototype. 

To  evaluate  the  thermal  stresses  in  a  smooth  bore  tube  from  the  tempera¬ 
ture  distribution  the  equations  taken  from  Timoshenko^  may  be  applied 


(fr  =  ~i  E 

1 

V  -  a^ 

1 

U 

"Xj 

U 

j a 

fr 

tr  dr 

l  -  v 

2 

r 

b  ^  -  a2  > 

j 

a 

292 


>  1 

rr  ,  z 

y  k 

i 

r‘  i  a" 

t  r  dr  l 

t  r  dr  -  t  r 

» 

r- 

l/  ,iu  - 

a 

,1 

1  J 

(T  z  i  k 


i  r  <1  r  I 


.  2  2  ) 
1)  ■  J 


IK) 


when1  (T  (Tq  ami  Cfy  arc-  tin-  stresses  in  the  radial,  tangential  and 
axial  di  tec  turns,  'j  is  the  cocHicicnt  of  linear  expansion,  E  is  Young's  mod¬ 
ulus  and  y  is  Poisson  s  ratio.  These  relations  may  be  nondimensionalized 
hy  utilizing  the  appropriate  expressions  from  equation  set  (i).  The  results 
arc 


Or 


/e 


it  t  ; 

•  r  o' 


i 


'$•  r  dr 


r  dr 


(To 


/e 


(»r  ’o) 


,2 


2  .  , 

(r 

r  t  1 

v  r  dr  t  'O'  r  dr’  -  'O'x'1 

1  J 

1  J  ,  J 

[r 

1  (9) 

O’, 


■t. 


r-j  "r  •»»  r 


Wr  dr  I  t 


1 


Equation  set  ;9'  applies  to  both  model  and  prototype  since  the  relative  tem¬ 
perature  distributions  are  identical  r  both  cases.  H  is  then  apparent  that 
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Evaluation  id  tlif  phutoe I.isIk  Inline  pattern  provides  a  means  for  calcu¬ 
lating  the  stresses  within  the  model.  The  st re ss-optic  law, 

ffi  -ai  -  £-  N  mi 

t 

where  <7  I  and  <7”  ,  are  principal  stresses,  t  is  the  model  thickness, 

C  is  the  material  stress-optic  coefficient  and  N  is  the  fringe  order,  can 
be  rewritten,  because  oi  rotational  symmetry,  as 

ffp  -  tfu  "  ~  N  (12) 
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The  equilibrium  equation  for  a  cylindrical  element  under  stress  may  be  ex¬ 
pressed  as 


d  &  r  (,  1  c>  T  rW  4.  6 ^ r /■  +  ^ r  -  7~  Q  = 

d  r  r  d  Q  2*  /.  r 


Because  of  rotational  symmetry  and  axial  uniformity  of  the  thermal  load 
which  will  be  applied  the  two  terms  ^  Tre  and  ^)7rz  are  zero  and 

2)  o  2)  z 

equation  (13)  reduces  to 

.  ..  dffr  +  _ <7j»_  =  ()  (14) 

3  r  r 


Equation  (14)  can  be  combined  with  equation  (12)  and  the  result  integrated 
between  the  internal  radius  a  and  some  point  r.  The  final  form  is 
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Once  the  radial  stress  at  some  point  r  is  known  the  stress  in  the  tangential 
direction  can  be  obtained  by  equation  (12)  and  the  stress  in  the  axial  direction 
may  be  obtained  by  a  similar  equation  written  for  the  radial  and  axial  stres¬ 
ses.  Therefore,  the  complete  stress  pattern  in  the  model  can  be  evaluated. 
These  results  can  be  introduced  into  equation  set  (10)  which  will  yield  the 
corresponding  stresses  which  exist  within  the  gun. 


EXPERIMENTAL  APPARATUS 


* 


Figure  2  shows  the  general  apparatus  set  up  for  the  photoelastic  study 
of  the  problem.  From  Fig.  1  it  can  be  observed  that  the  data  shows  an  in-  ♦ 

stantaneous  bore  temperature  rise  upon  firing  and  a  very  rapid  decline  in 
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1 1  iju- r. 1 1 1 1  ii  •  •  miiiii-iIi  .iti- 1  v  .  illcr  i  iiiiilmsl  u>n  *  >  1  lli<-  propellant.  Suite  1 1 1  < 

.  u  - 1 .  i  s  1 1 1  in.iliri.il  I  rum  wlm  h  tin-  model  is  i  oust  rue  led  will  not  tolerati 
high  t  r  m  |  ir  r  at  ti  re  s ,  it  was  tlrtidrd  that  told  tln-nual  shock  would  more 
r.i  'ily  simulalr  tin-  t  hosrii  data.  Another  factor  in  tavnr  ot  the  low  tem- 
i- rat  ii  r-  s  is  that  tin-  stress  optic  e  oe  ffic  i  e  lit  lor  the  photoe  1  as  t  it:  material 
a  almost  t  t  m  s  I  a  lit  in  this  re  141  on  '  win  -  re  as  at  higher  te  in  pe  r  at  11  re  s  it  e  x- 
hiluts  a  detimte  tempt- rat  lire  dependent  y.  Cold  gaseous  nitrogen  will  be 
used  to  provide  a  t  i  me  -  tempt-  r.itu  re  relation  which  duplicates  as  nearly  as 
possible  the  curve  ot  Fig.  1.  The  bore  te  in  pe  r  at  u  r  e  s  will  be  scaled  down 
such  that  the  entire  temperature  variation  will  take  place  from  7huF  to  ap¬ 
proximately  t>UF.  Ihe  scaling  process  will  have  no  effect  on  the  relative 
magnitude  of  the  stresses  produced.  However,  due  to  the  reversal  in  di¬ 
rection  of  the  thermal  shock  simulating  firing  conditions,  the  algebraic 
sign  of  the  stresses  in  the  model  will  be  opposite  from  those  in  the  gun. 

The  flow  of  cold  gas  will  be  regulated  by  a  timer.  At  some  preset 
time  the  timer  will  trip  a  micro  switch  energizing  a  solenoid  valve  allowing 
gaseous  nitrogen  to  flow  into  the  liquid  nitrogen  container.  The  gas  pressure 
is  sufficient  to  force  the  liquid  out  of  the  container  and  into  the  line  leading 
to  the  model.  As  the  liquid  proceeds  along  the  tube,  it  will  absorb  heat 
from  the  surroundings  causing  it  to  boil  and  vaporize.  Just  prior  to  enter¬ 
ing  the  model  the  two  phase  flow  of  gas  and  liquid  will  flow  through  a  trap 
which  retains  the  liquid.  The  cold  gas  will  continue  on  into  a  spray  nozzle 
inside  the  model  which  will  discharge  the  gas  out  against  the  bore  surface 
of  the  tube  producing  a  rapid  decrease  in  temperature.  Free  convection 
will  not  be  sufficient  to  warm  the  tube  as  quickly  as  is  necessary  so  a  small 
blower  will  be  used  to  speed  up  the  process. 

Two  polariscopes  are  required  for  this  experiment,  one  of  which  will 
be  in  line  with  the  axis  of  the  model.  With  this  polariscope,  fringe  patterns 
will  be  obtained  which  can  be  used  to  evaluate  the  stress  differences  in  the 
radial  and  tangential  directions.  The  second  polariscope  positioned  with 
its  axis  90°  from  the  first  will  be  used  to  obtain  stress  differences  in  the 
radial  and  axial  directions. 

Figure  '>  shows  the  details  of  the  model.  Hysol  4 Z 9 0 ,  an  epoxy  resin, 
was  selected  for  fabrication  of  the  model  since  its  stress  optic  coefficient 
is  nearly  constant  within  the  temperature  range  under  consideration  and 
also  it  possesses  a  high  figure  of  merit  (fringe/inch  F).  The  lower  cylin¬ 
drical  section  shown  in  Fig,  .1  consists  of  a  0.  37S"  test  specimen  which  is 
sandwiched  between  two  plane  polarizing  sheets  which  act  as  polarizer  and 
analyzer  for  the  polariscope.  On  either  side  of  this  unit  is  placed  a  larger 
cylindrical  piece  made  of  the  same  material  as  the  test  specimen.  The 
temperature  on  the  internal  surface  of  the  tube  is  not  a  function  of  location 
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i,.r  ,i  ,l.ir  lime,  in- vi- rtlu-li- ss,  tin-  lie. it  flow  will  1m-  two  dimensional 

ilt- . i  r  tin-  ends  of  tin-  tube.  Tin-  cylindrical  end  sections  then  provide  a  means 
id  eliminating  any  axial  heat  How  in  the  test  specimen  located  in  the  center. 

riio  stresses  m  the  axial  direction  will  hi-  obtained  by  interpretation  of 
lee  inni;e  pattern  m  the  material  between  the  two  long  polarizing  sheets  in 
tin  upper  section  of  the  model.  The  polarizing  sheets  have  been  cut  with 
their  axes  at  -IV’  to  the  axis  of  the  tube  to  allow  maximum  light  transmission. 
Step  shaped  pieces  which  approximate  the  outside  surface  of  the  tube  were 
used  to  allow  the  light  beam  to  pass  through  the  model  without  being  deflected. 
To  check  the  eflei  -t  that  this  break  in  geometric  boundary  has  on  the  stress 
distribution  two  small  polarizing  sheets  were  placed  around  a  piece  of  photo- 
elastic  material  and  imbedded  in  the  center  of  the  tube  wall  as  shown  on 
Fig.  1.  After  thermal  loading,  the  fringe  pattern  in  the  small  test  specimen 
and  in  the  larger  circular  test  specimen  could  be  observed  by  viewing  the 
model  along  its  axis.  Good  correlation  of  the  two  fringe  patterns  would  in¬ 
dicate  relatively  little  change  in  the  stress  distribution  due  to  altering  the 
boundary.  The  stress  distribution  obtained  from  viewing  the  model  at  90° 
to  the  axis  of  the  tube  could  then  be  considered  to  be  the  same  as  that  which 
exists  in  the  unaltered  region  of  the  model. 

THERMAL- ELECTRICAL  ANALOGY 


Theo  ry 


Consider  the  one  dimensional  unsteady  conduction  equation  written  in 
roc t angular  coordinates 

d  "t  _  J_  3  t  (16) 

dxz  a  d~ 


where  x  is  the  distance  along  the  heat  flow  path.  If  we  consider  an  elec¬ 
trical  current  carrying  cable  of  negligible  inductance  which  has  its  proper¬ 
ties  of  resistance  and  capacitance  uniformly  distributed  along  its  length,  the 
expression  which  relates  the  voltage  to  various  points  along  the  cable  is 
given  by 
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dr 


(17) 


where  V  is  voltage,  R  is  resistance,  C  is  capacitance  and  x  is  the 
distance  along  the  current  flow  path.  From  the  similarity  between  equa¬ 
tions  (16)  and  (17)  it  is  apparent  that  a  solution  for  the  temperature  would 
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be  identical  to  a  solution  for  the  voltage  if  J _  RC.  Therefore,  the  heat 

ex 

transfer  system  can  be  imitated  by  an  electrical  cable.  In  practice,  the 
electrical  cable  is  replaced  by  series  resistors  and  parallel  capacitors 
which  is  equivalent  to  lumping  the  resistance  and  capacitance  of  a  sec¬ 
tion  of  the  cable  at  one  point.  A  known  voltage  or  current  is  impressed 
upon  this  circuit  and  the  resultant  voltages  are  measured  at  the  various 
nodal  points.  The  theory  of  the  method  is  extensively  discussed  in  ref¬ 
erences  6  and  7. 

The  geometrical  configuration  under  study  and  the  corresponding  elec¬ 
trical  circuit  are  shown  in  Fig.  4.  A  thermal  resistance  may  be 
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Fig.  4.  Electrical  analogy  to  heat  jTow  through  hollow  cylinder. 

defined  as 

Rt  =— 

k  A  (18) 

where  k  is  the  thermal  conductivity  and  A  the  area  through  which  the 

*  heat  is  flowing.  This  can  be  interpreted  as  a  resistance  to  heat  flow  just 
as  an  electrical  resistor  is  a  resistance  to  electrical  current  flow.  Simi¬ 
larly,  a  thermal  capacitance  can  be  defined  as 

♦ 

Ct  --  p  A  Cp  (19) 
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density  .iml  i  is  spei  itic  In-, it.  C,  is  analogous  to  an  electrical 
With  these  definitions,  equation  (10)  can  he  written 
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using  lltc  definition  for  thermal  diffusivity,  k  .  The  necessary 

c:[> 

condition  for  analogy  may  he  expressed  as  R^C,  -  RC.  It  is  often  convenient 
to  change  the  .st  ale  of  some  of  the  physical  quantities.  Equation  (17)  may  be 
rewritten  as 

-  (mil  R)  (£_)  d  V 

aX“  ,n  x )  (2D 

The  scale  factor  n  enables  scale  changes  in  the  time  base.  The  scale  fac¬ 
tor  m  is  employed  to  allow  the  use  of  standard  circuit  elements.  Without 
Ms  use,  values  of  resistance  would  be  relatively  small  (order  of  magnitude 
SOD  ohms)  and  the  values  of  capacitance  would  be  very  large  (0.  3  farad).  The 
resistors  and  capacitors  in  the  circuit  in  Fig.  -1  are  given  by 


mn 


m 


(22) 

(23) 


From  the  resultant  voltage  field,  the  thermal  stresses  can  be  obtained  from 
equation  set  (8). 

Experimental  Procedure 


f 


f 


A  '/Omni  gun  tube  has  been  chosen  for  study.  The  tube  is  subdivided 
into  ten  coiuenlric  tubes  of  equal  wall  thickness  as  Paschkis  and  Heisler 
reported  very  good  c  o  r  re  1  at  ion  for  more  than  8-1/2  segments.  Since  the 
heat  propagation  through  a  steel  gun  tube  is  quite  rapid,  there  have  been  no 
changes  made  in  the  time  base  between  gun  and  model.  The  scale  factor 
in  is  chosen  as  ■! .  •!  x  10^,  The  internal  segment  has  a  resistance  and  cap¬ 
acitance  of  >1  JK  ohms  mid  2.79  ybof  respectively.  The  values  of  the  ex¬ 
ternal  tubular  segment  are  Z02K  ohms  and  4.7iytcf.  All  other  segments 
have  values  of  resistance  and  capacitance  between  these  limits.  Careful 
selection  of  resistors  and  capacitors  enables  trimming  of  the  circuit  ele¬ 
ments  to  1  0.  1%  ot  their  calculated  values.  The  external  convective  boundary 
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condition  is  simulated  by  a  resistance  of  77.  r>  megohms. 

The  voltage  input  must  duplicate  in  shape  the  temperature- time  curve 
of  Fig.  1.  The  technique  shown  in  Fig.  S  is  used  to  accomplish  this. 


■7 

Precision  line 

1 _ 2 — J 

ar _ / 

i  | 

potentiometer 
Rotating  can 


Input  from  constant 
▼oltage  DC  power 
supply 


Output  which 
duplicates  desired 
temp-time  curre 


Fig.  5.  Technique  for  generating  non  repetitive  voltage  pulses. 

An  oscillograph  is  used  to  determine  the  voltages.  High  sensitivity 
galvanometers  are  inserted  into  the  circuit  immediately  after  each  re¬ 
sistor.  Each  galvanometer  is  calibrated  in  /. cn/inch  deflection.  The 
voltage  drop  in  each  section  is  obtained  by  multiplying  the  resistance  of 
the  section  by  the  current  flowing  through  it. 

PROGRESS  THUS  FAR 


Photoelastic  Approach 

At  present  one  smooth  bore  model  has  been  constructed  with  a  radius 
ratio  equal  to  1.  8.  No  reportable  data  has  yet  been  obtained,  but  prelimi¬ 
nary  investigations  indicate  data  taken  from  the  model  will  correlate  fair¬ 
ly  well  with  the  theoretical  work.  Difficulty  is  experienced  in  controlling 
the  bore  temperature  according  to  Fig.  1  for  more  than  three  shots.  It 
is  hoped  that  satisfactory  results  could  hi-  obtained  for  ten  shots. 

Thermal  Electrical  Analog 

The  circuit  for  a  smooth  bore  tube  has  been  designed  and  constructed. 
Standard  carbon  resistors  and  paper  capacitors  were  used  as  circuit  ele¬ 
ments.  The  reliability  of  the  circuit  has  been  checked  with  a  constant 


'oil.  1 1 1  { >11 1 .  t  i>  r  re s  i  >i  >  1 1<  1 1  ng  to  a  constant  Imre  t  f  mpe  r  ature ,  and  the  re- 

: .alts  are  within  l"/n  id  the  calculated  values  Cur  the  major  portion  of  the 
wall  tliii  kness  and  not  exceeding  V’/n  at  any  point.  The  function  generator 
shown  schematically  in  Fig.  h  is  being  const  ructed  and  no  serious  prob¬ 
lems  are  anticipated  in  completion  ol  this  phase  ol  the  project. 

SCOPE  OF  ANTICIPATED  EXPERIMENTS 


The  photoelastii  investigation  will  encompass  construction  and  testing 
of  at  least  two  models.  One  has  already  been  fabricated  and  the  other 
would  have  the  same  overall  dimensions  hut  would  differ  from  the  first  in 
that  it  would  be  rifled.  Correlation  between  smooth  bore  tube  and  theoret¬ 
ical  solution  will  provide  confidence  that  the  photothermoelastic  technique 
will  yield  accurate  results  for  the  rifled  tube,  which  will  be  studied  during 
the  second  phase  of  the  experimental  program,  and  for  which  case  other 
methods  are  unavailable.  If  time  permits,  other  rifled  tubes  with  a  variety 
of  radius  ratios  will  be  investigated. 

It  is  expected  to  employ  the  thermal-electrical  analog  to  smooth  bore 
tubes  only,  as  considerable  difficulty  is  experienced  in  deducing  the  stres¬ 
ses  in  a  rifled  tube  from  the  temperature  field. 
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DISCUSSION 

Dr.  Kumar:  I  just  wanted  to  comment  on  the  fine  work  thait  Lt.  Mielke  has 
done.  One  of  the  project  investigators  in  our  Office,  Dr.  Frocht,  has  been 
working  on  photoelasticity  and  I  am  sure  you  are  familiar  with  his  work. 

The  interesting  thing  is  that  he  is  considering  plastic  deformation  at  the 
same  time.  As  the  presentation  was  made  today,  this  was  strictly  thermo- 
clastic  study  of  the  gun  tube.  It  will  be  very  interesting  to  see  how  possible 
thermoplasticity  could  be  introduced  into  it.  Maybe  just  ideally  plastic 
assumptions  may  be  made.  If  you  can  find  a  suitable  material  that  will 
fit  the  gun  material  that  you  have  used  as  far  as  the  photoelastic  analog  is 
concerned,  that  would  be  extremely  remarkable.  I  enjoyed  your  presen¬ 
tation;  it  was  very  fine. 


COMPARATIVE  FORMING  TECHNIQUES 
FOR  TITANIUM  HELMETS 


I  It;  It;  ll  E.  Ageim 


ABSTRACT 


Titanium  alloys,  on  a  strength-  to- weight  basis,  offer  the  best  res¬ 
istance  to  ballistu  penetration  of  all  known  metallic  armor  materials. 
Difficulty  experienced  in  cold  deep-drawing  of  titanium  helmet  shells,  led 
to  the  investigation  of  three  methods  of  forming:  hot  deep  draw,  spinning 
and  high-energy  forming.  As  a  result  of  this  work,  the  feasibility  of  hot 
deep-drawing  helmet  shells  from  titanium  sheet  material  at  a  temperature 
of  1  UH)UL  was  established.  The  spinning  process  was  not  successfully 
brought  to  final  forming.  Six  helmets  were  successfully  fabricated  from 
1  percent  Mn  complex  +  •!  A1  titanium  alloy  sheet  of  ,075  and  ,100  gages. 
Forming  was  accomplished  at  elevated  temperatures  using  sand  as  the 
transfer  medium  and  pistol  powder  for  the  explosive.  Ballistic  capabili¬ 
ties  of  the  finished  helmet  shells  were  evaluated  using  the  GE  fragment 
simulator  test.  The  translation  of  the  results  of  this  investigation  into  a 
feasible  technique  adaptable  to  production  fabrication  will  require  additional 
w  o  r  k . 


A  review  of  the  personnel  armor  protective  requirements  for  future 
warfare  conditions  determined  the  need  for  new  and  improved  materials 
and  forming  techniques  in  the  production  of  the  combat  helmet. 

Materials  studies  revealed  that  titanium  and  titanium  alloys  exhibited 
better  strength-to-weight  ratios  than  the  more  common  armor  materials. 
Ballistic  testing  of  the  heavier  gage  titanium  plate  materials  showed  ex¬ 
cellent  resistance  to  penetration  by  both  fragment  simulating  and  armor 
piercing  projectiles;  however,  the  investigation  also  revealed  that  the 
ballistic  performance  of  titanium  materials  could  not  be  extrapolated  with 
any  degree  of  accuracy.  Therefore,  lower  gauge  sheet  material  of  the 
more  promising  alloys  were  evaluated  at  Battelle  Memorial  Institute  by  the 
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Quartermaster  Corps.  The  ballistic  results  showed  the  same  marked 
superiority  as  was  witnessed  in  the  armor  plate  studies.  It  was  determined 
that  further  work  should  be  conducted  on  experimental  helmet  shapes  fab¬ 
ricated  from  titanium  alloys. 

Concurrently  with  the  materials  study,  an  investigation  was  conducted 
'  on  new  and  improved  methods  of  forming  helmets.  It  was  observed  that 

the  standard  helmet  shell  varied  in  thickness  as  much  as  30  per  cent  be¬ 
tween  the  rim  and  crown.  l'he  ballistic  protective  capability  decreased 
proportionally  as  the  thickness  of  the  corresponding  helmet  areas.  It  is 
believed,  however,  that  this  variation  in  shell  thickness  can  be  overcome 
by  the  utilization  of  new  and  improved  forming  techniques. 

An  early  attempt,  in  FY55  to  cold  draw  titanium  alloy  helmets  was 
not  successful;  however,  by  1959  the  advancements  in  the  state  of  the  art 
of  forming  warranted  another  attempt.  Three  methods  of  forming  were 
investigated - hot  deep  draw,  spinning  and  high  energy  forming. 

For  the  hot  deep  draw  process,  commercially  available  6  AL-4V 
titanium  alloy  was  selected  and  procurred  in  sheet  form  0.  076  inch  thick. 
During  the  forming  operation,  the  dies  were  heated  to  a  temperature  of 
approximately  1300  degrees  Fahrenheit.  The  completed  shell  was  formed 
in  three  steps.  The  crown  was  deep  drawn  the  entire  depth  of  six  inches 
in  a  single  draw.  Then  the  brim  was  shaped  to  the  proper  contour.  Final¬ 
ly,  the  outer  edge  of  the  brim  was  handtrimmed.  The  finished  shell  was 

*  comparable  in  weight  to  the  M-l  helmet. 

Seven  shapes  were  successfully  drawn.  Most  of  the  shapes  formed 
had  wrinkled  brims.  It  was  believed  that  this  wrinkling  at  the  brim  could 
'  be  eliminated  by  improving  the  method  of  securing  the  blank  so  that  equal 

pressure  would  be  applied  in  the  brim  area  during  the  deep  draw  process. 

A  check  of  the  thickness  variation  throughout  the  crown  area  of  the 
shell  showed  thinning  in  the  order  of  10  per  cent  as  compared  to  the  30  per 
cent  thinning  witnessed  in  the  fabrication  of  the  Standard,  Hadfield  Steel 
M-l  Helmet. 

The  result  of  this  experiment,  determined  the  feasibility  of  hot  deep 
drawing  titanium  helmet  shells. 

*  The  spinning  process  is  one  of  the  simplest  methods  of  metal  working. 
Basically,  it  is  the  pressure  forming  of  sheet  metal  or  light  plate  on  a 
rotating  chuck  or  die.  The  shaping  being  performed  on  a  lathe,  the  form 

*  is  of  necessity  concentric  about  an  axis.  The  adaption  of  the  spinning 
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1 1- 1  liiuqui'  In  tin'  prelnrming  ul  titanium  helmets  was  attempted.  Two  ti 
.iliiys,  nAI.--)V  ami  sAI.-d.5N,  were  procured  in  0.  1Z5  inch  thick  sheets. 

Forming  was  accomplished  by  placing  titanium  alloy  discs,  in  a 
lathe,  against  a  hemispherical  mandrel  of  the  same  concavity  as  the  M-l 
uelmet.  As  tile  lathe  rotated,  an  external  pressure  was  applied  to  the 
disc.  The  disi  was  heated  to  IdOO  degrees  Fahrenheit  throughout  the 
spinning  process.  Six  hemispherical  shapes  of  each  of  the  two  alloys  were 
fabricated.  The  spun  shapes  were  0.075  inch  thick. 

Final  shaping,  using  Government  furnished  dies,  could  not  be  ac¬ 
complished  because  the  dies  were  designed  for  Hadfield  steel  helmet  fab¬ 
rication  using  sheet  material  0.U-1J  inch  thick.  The  space  between  the 
ring  die  and  the  punch  die  would  not  permit  insertion  of  the  0.  075  inch 
thick  spun  hemispheres.  In  addition,  any  attempt  to  bring  the  existing 
dies  up  to  the  forming  temperature  of  1Z00  degrees  Fahrenheit  required 
for  forming  would  have  annealed  the  dies,  making  them  useless.  Since 
this  method  showed  no  promise  of  adoption  to  mass  production,  further 
development  was  abandoned. 

The  materials  investigation  showed  the  3  per  cent  Mn  complex 
t  4AL  titanium  alloy  had  the  best  ballistic  characteristics  of  all  the  al¬ 
loys  tested;  therefore,  it  was  decided  to  use  this  material  for  the  high 
energy  forming  experiments.  Titanium  sheet  material  was  procured  in 
two  thicknesses;  the  0.075  gauge,  which  is  comparable  in  weight  to  the 
0.  0-1-1  gauge  I ladfield  used  in  the  fabrication  of  the  M-l  helmet  shell,  and 
the  0. 100  gauge,  which  is  comparable  in  weight  to  the  one-piece  helmets 
of  the  European  countries. 

The  microstructure  of  the  basic  annealed  material  was  typical  of 
an  alpha  and  beta  stabilized  alloy  with  a  Rockwell  C  36.  5  hardness. 
Material  testing  predicted  a  low  rate  of  formability  at  room  temperature 
due  to  the  small  spread  space  between  yield  (135,  000-145,  000  PSI)  and 
ultimate  (150,  000-160,  000  PSI)  strength.  Elevated  temperature  bend  tests 
indicated  a  forming  temperature  above  1050  degrees  Fahrenheit  and  hot 
dimpling  tests  set  1 Z 0 0  degrees  Fahrenheit  as  the  most  desirable  forming 
temperature.  Solution! zing  did  not  occur  at  forming  temperatures  nor 
was  there  any  evidence  of  aging  when  the  material  was  exposed  to  temper¬ 
atures  between  950  degrees  and  M00  degrees  Fahrenheit. 

An  experimental  Kirksite  die  shaped  to  the  contour  of  the  M-l  hel¬ 
met  was  fabricated  to  develop  suitable  forming  techniques  and  to  ascertain 
such  requirements  as  size,  shape,  and  type  of  explosive  charge.  Early 
tests  conducted  with  this  die  confirmed  the  previous  assumption  that  this 
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material  could  not  he  cold  formed.  In  addition,  the;  necessity  for  a  two 
stage  forming  procedure  requiring  two  sets  of  dies  was  established, 

A  liemi sphe rical  die;,  of  tin-  same  diameter  as  the  helmet,  was  de¬ 
signed  to  preform  the  blank  to  the  width  and  depth  of  the  shell.  The  second 
tlie,  identical  in  shape  to  the  M-l  helmet,  was  designed  for  the  final  form¬ 
ing  of  the  finished  shell.  Sim- Ply- Trol  temperature  control  units  were 
used  to  control  tin-  temperatures  of  the  upper  and  lower  sections  of  the 
forming  equipment.  Sand  contained  in  a  closed  hopper  was  used  as  the 
energy  transfer  medium  and  pistol  powder  was  the  explosive. 

The  equipment  developed  is  depicted  in  Figure  1.  The  procedure  in 
forming  the  titanium  helmets  consisted  primarily  of  pre-heating  the  dies, 
positioning  the  prepared  blank,  putting  a  limited  amount  of  sand  in  the 
hopper  for  heat  retention,  pulling  a  vacuum  between  the  blank  and  the  die, 
positioning  of  a  prepared  charge,  filling  the  hopper  with  sand  and  firing 
the  charge.  Six  helmets,  three  from  the;  0.  075  gauge  and  three  from  the 
0.100  gauge  material  were  successfully  fabricated.  An  average  of  ten 
detonations  was  required  to  form  each  helmet,  (Figure  l).  The  thickness 
variation  in  the  crown  area  was  greater  than  that  evidenced  in  the  M-l 
helmet,  (Figure  i). 

Although  the  process  of  high  energy  forming  investigated  proved  im¬ 
practical  and  costly,  it  is  significant  inasmuch  as  it  established  the  feas¬ 
ibility  of  forming  helmets  from  titanium. 

Evaluation  of  the  finished  helmets  showed  no  adverse  ballistic  char¬ 
acteristics  resulting  from  forming.  Approximately  BO  per  cent  increase 
in  protection  was  offered  by  the  titanium  shells  formed  from  the  0.075 
gauge  material  and  those  formed  from  the  0.100  gauge  offered  up  to  80  per 
cent  increase  over  the  standard  M-l  shell. 

Because  of  the  superior  ballistic  performance  of  the  titanium  helmets 
as  compared  to  the  standard  Hadfield  steel  shell,  further  work  will  be  di¬ 
rected  to  the  development,  of  an  adequate  titanium  helmet  forming  technique. 
Attention  is  being  directed  to  a  fabrication  procedure  using  a  combination 
of  deep  drawing  and  high  energy  forming  at  elevated  temperatures.  The 
deep  draw  method  is  suggested  for  the  preforming  to  maintain  a  closer 
tolerance  in  the  crown  area  of  the  helmet.  Final  forming  is  to  be  accom¬ 
plished  by  an  explosive  gas  method.  The  substitution  of  the  explosive  gas 
technique  is  proposed  in  order  to  eliminate  the  detrimental  aspects  of  gun 
powder  detonation.  It.  is  expected  that  the  combined  techniques  will  pro¬ 
vide  a  production  method  of  fabricating  helmets  with  more  rigid  thickness 
tolerances. 
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TITANIUM  HELMET  SHELL  FORMING  DATA 


Helmet  No.  Sheet  Gage  Re  Hard  Wt.  (oz)  Thick  Variation 

(Crown  Area) 


1 

.  07  5 

1  1 

1Z-5/8 

.  063- . 

.  076 

z 

.  075 

4  1 

30-1/Z 

. 057- , 

,  075 

5 

.  100 

16.  5 

19  1/Z 

.  071  -, 

.  087 

4 

.  100 

17 

18-  1/4 

. 071  - , 

.  083 

5 

.  100 

19.  5 

19-1 U 

. 071 -, 

.  090 

HADF1ELD  STEEL  HELMET  SHELL  DATA  -  AVERAGE 


Helmet  Sheet  Gage  Rc  Hard  Wt.  (oz)  Thick  Variation 

_ (Crown  Area) 

M-l  .  044  Z8-50  <>9-3/4-33  .031-.  041 


« 


FIGURE  3 
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DISCUSSION 


Mr.  Charles  J.  Kropf  -  ATAG,  Detroit  Arsenal:  To  what  extent  can  this 
same  technique  you  have  been  describing  be  applied  to  other  military  items 
that  you  might  visuali/.eV 

Mrs.  Agen:  Well,  most  of  the  techniques  in  titanium  forming  were  for  a 
shallow  draw  and  the  explosive  method  is  very  simple  and  can  be  applied 
to  most  military  end  items.  But  where  we  have  a  very  deep  draw,  as  with 
the  helmet,  the  work  will  be  confined  to  this  area  alone. 

Dr.  Kumar.  I  was  wondering  about  the  comment  you  made  concerning  the 
thinness  of  the  helmet  in  a  particular  area.  Can  this  be  possible  controlled 
by  (  housing  an  initial  plate  whi<  h  is  of  variable  thickness  instead  of  taking 
a  plate  which  is  of  uniform  thickness.  I  r<  ali/e  that  this  will  not  be  prob¬ 
ably  very  economical  but  would  insure  that  the  end  produce1  would  have  more 
thickness  in  the  area  where-  it  is  needed. 

Mrs.  Agen:  This  has  been  considered  but  we  had  such  good  results  with 
hemispherical  shaping  that  additional  expenses  seemed  unjustified. 


'\  rROlHT'.TORY  COMMENTS  BY  THE  CHAIRMAN,  SESSION  IV 

R.  Bfi'mvkcS' 

Properties  i > t"  materials  are  determined  in  tension  tests.  In  the  upper 

d  point  region  we  have  obvious  over  shooting  ol  stress  which  for  most 
applications  is  not  very  significant.  Emphasis  has  therefore  been  laid  in 
this  meeting  on  the  lower  yield  point  stress.  Hut  il  you  observe  stress- 
strain  increases  as  the  temperatures  lowered  very  considerably,  so  that 
what  wo  are  ascribing  to  a  rate  of  strain  effect  is  really  an  effect  of  work 
hardening  in  very  many  applications.  Many  years  ago,  Srohmayer  observed 
that  the  effected  yield  point  in  the  material  was  much  closer  to  the  yield 
point  under  fatigue  conditions,  namely,  what  he  observed  was  the  endurance 
limit.  Concerning  this  1  am  thinking  especially  of  body  centered  cubic  ma¬ 
terials.  There  are  complications  with  materials  like  lead,  aluminum,  and 
copper  wlm  h  I  am  not  discussing  at  all.  1  think  then  in  many  cases  in  de¬ 
sign  we  should  be  concerned  more  with  the  limit  that  is  nearer  the  fatigue 
limit.  Now  in  the  tension  tests  we  do  a  lot  of  work;  we  develop  a  lot  of 
heat  to  get  a  lot  of  temperature.  The  temperature  rise  is  markedly  de¬ 
pendent  upon  the  temperature  itself  at  which  we  are  making  the  test,  the 
ambient  temperature,  if  we  are  going  to  low  temperature  testing,  because 
the  specific  heat  is  way  down  there.  It  is  very  difficult  to  make  an  iso¬ 
thermal  test  under  low  temperature,  conditions.  Once  we  get  past  the  ten¬ 
sile  stress  our  specinv  n  begins  to  neck.  When  it  necks,  it  not  only  develops 
its  stress  concentration  which  is  very  large  in  general  before  breaking, 
but  the  strain  rate  goes  up,  too.  If  you  thought  you  had  isothermal  condi¬ 
tions  in  general  while  you  were  getting  up  to  the  tensile  point,  you'll  hardly 
have  them  once  you've  gotten  well  past  the  tensile  point.  Avery  small 
proportion  of  your  entire  gage  length  will  actually  be  strained.  You  use  a 
specimen  several  inches  long  and  you  may  find  that  something  like  five 
hundreths  ot  an  inch  of  it  is  actually  being  stretched.  You  would  have 
to  slow  the  machine  way  down  if  you  wanted  to  preserve  isothermal  condi¬ 
tions,  and  on  the  other  hand  what  you  are  really  getting  as  you  approach 
breaking  is  a  very  high  rate  of  strain  test  under  static  conditions.  To  add 
to  these  complexities,  very  often  people  will  put  a  little  taper  in  the  speci¬ 
men  to  begin  with.  This  will  give  you  somewhat  erratic  stress  strain  curve 
but  you  will  have  even  worse  results  at  very  low  temperatures.  You'll  get 
brittle  fracture  and  much  lower  stresses  than  you  would  normally  expect. 
Perhaps  what  I  am  saying  is  rather  obvious  to  you  all.  I  read  in  a  little 
book  by  Max  Borne  -  that  greatness  of  Einstein's  work  was  that  he  based  all 
his  theory  on  fact  -  fact  was  obvious  to  all  but  noticed  by  none.  I  hope 
that  we  all  try  to  do  a  little  Einstein  here  this  afternoon. 

*  Dr.  Reinier  Beeuwkes,  Watertown  Arsenal  Laboratories,  Watertown,  Mass. 


EXPERIMENTAL  DYNAMICS  OF  MATERIALS 


George  Gerard* 


The  general  objectives  of  this  presentation  are  concerned  with  various 
expe rimental  techniques  used  to  obtain  dynamic  stress- strain  data  in  the 
yield  region  for  various  materials.  A  general  review  and  critique  of  one- 
dimens'onal  experimental  techniques  utilized  by  various  investigators  is 
presented  from  the  viewpoint  of  plastic  wave  propagation.  Specific  experi¬ 
ments  concerned  with  plastic  wave  propagation  are  then  considered  and 
conclusions  drawn  from  such  experiments  concerning  the  dynamic  stress- 
strain  properties  of  materials  are  presented. 

An  experimental  technique  for  two  dimensional  structural  elements  is 
then  presented  and  results  on  the  dynamic  stress- strain  characteristics  of 
several  materials  are  presented. 
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DISCUSSION 

R.  Geldmache  r,  New  York  Uni  vc  rsity :  Did  you  include  bending  stresses 
when  yi'u  calculated  your  stresses  Irons  displacements?  One  would  have  to 
take  the  derivatives  to  include  the  stresses  due  to  bending. 

Dr.  Gerard:  This  1  presume  refers  to  the  diaphragm  that  we  showed. 

Mr.  Geldmacher:  Right. 

Dr.  Gerard:  l’he  diaphragms  were  extremely  thin;  they  were  something 

in  tin'  order  .  010  inches  and  had  about  a  IZ  inch  span  and  when  we  calculated 
the  bending  stresses  in  then'  they  were  extremely  small,  particularly  if 
we  got  out  into  the  large  deflection  region. 

Mr.  Geldmacher:  You  could  ignore  the  bending  stresses? 

Dr.  Gerard:  Yes,  that’s  right.  Incidentally,  we  found  out  also  that  we 
could  ignore*  any  dynamic  effects  of  the  diaphragm  because  from  the  de¬ 
flection  measurements  we  found  there  was  a  constant  velocity  process  after 
the  fi r st  motion. 

Mr.  Geldmacher:  I'he  reason  I  ask  is  that  anyone  who  has  tried  to  get 
bending  stresses  from  deflection  measurements  is  probably  running  into 
the  same  difficulty  that  we  have  because  it  is  almost  impossible  to  make 
that  extra  differentiation  to  get  the  stress.  So  your  results  are  very  far 
off.  I  thought  you  might  have  had  a  new  technique  here  that  would  let  us 
get  stresses  from  the  deflection  curve. 

Dr.  Gerard:  We  are  strictly  concerned  with  the  membrane  situation. 

Mr.  Geldmacher:  Right. 

Dr.  Eugene  A.  Rippcrgcr,  University  of  Texas:  I  would  like  to  ask  two 
questions.  In  that  slide  in  which  you  compared  the  theoretical  and  the 
measured  velocities,  the  theoretical  velocities  were  computed  simply  as 
the  square  root  of  E/  ? 

Dr.  Gerard:  Yes,  the  square  root  of  E  and  E  was  the  static  value  ob¬ 
tained  with  this  loading  cycle  and  particular  material. 

Dr.  Rippcrgcr:  Well,  then  the  question  that  1  really  wanted  to  ask  was: 
The  jeurve  for  the  theoretical  results  had  some  curvature  along  that  lead¬ 
ing  step,  so  to  speak,  and  I  would  think  that  this  would  be  a  straight  verti¬ 
cal  line.  Was  not  the  static  modulus  constant  up  to  the  point  of  preloading? 
Dr.  Gerard:  Yes,  but  the  reason  that  the  theoretical  line  was  curved  and 
was  not  a  straight  vertical  line  was  because  of  the  fact  that  we  were  using 
the  three  dimensional  theory  which  includes  a  dispersion  effect. 

Dr.  Rippcrgcr:  You  have  answered  my  question  satisfactorily;  now,  let 
me  ask  you  the  second  one.  in  comparison  with  the  velocities  where  you 
were  superimposing  the  small  pulse  on  the  pre-stressed  specimens,  it 
wasn't  clear  to  me  whether  the  plastic  strain  that  you  were  showing  was 
the  strain  due  to  the  small  pulse  or  it  was  the  strain  which  you  had  in  the 
specimen  before  you  sent  the  pulse  through  it. 

Dr.  Gerard:  Those  were  strains  which  resulted  from  the  pulse. 
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A  METHOD  FOR  RAPID  DYNAMIC  EVALUATION 
OF  LARGE  WEAPON  COMPONENTS 

T.  F.  MacLaughlin*  and  J.  P.  Purtell** 


ABSTRACT 

A  description  js  given  of  a  high  energy  impact  machine  which  closely 
simulates  the  firing  of  large  weapons,  and  is  used  to  dynamically  evaluate  a 
variety  of  weapon  components.  Dynamic  stress  analyses  and  fatigue  life 
data  are  obtained  by  simulated  firings  at  a  rate  of  100  per  minute,  making 
economically  possible  realistic  life  estimates.  Problems  in  simulation  and 
instrumentation  are  also  discussed. 

INTRODUCTION 


During  the  late  1800' s  many  design  features  of  heavy  artillery  weapons 
with  which  we  are  familiar  today  came  into  being.  The  principles  of  breech 
loading,  rifled  gun  tubes  fragmentation  projectiles  and  the  first  recoil  mech¬ 
anisms  were  developed  prior  to  the  turn  of  the  century.  From  1900  to  the 
present  time,  in  spite  of  many  design  improvements  and  modifications,  the 
fundamental  principles  of  many  of  our  artillery  weapons  have  remained  rel¬ 
atively  unchanged. 

In  recent  years,  however,  much  effort  has  gone  into  reducing  the 
weight  of  large  weapons,  thereby  increasing  mobility  without  reducing  effec¬ 
tiveness.  Watervliet  Arsenal  engineers  have  achieved  weight  reductions  up 
to  50%  in  weapons  using  kinetic  energy  ammunition,  while  still  increasing 
range  and  rate  of  fire.  To  accomplish  this,  new  types  of  ammunition  fired 
at  greatly  increased  chamber  pressures  have  been  employed.  In  addition, 
the  introduction  of  still  a  different  type  of  ammunition  has  made  possible 
phenomenal  weight,  reductions,  for  example,  six  to  one  in  one  particular 
system  with  even  greater  lethality  being  obtained. 

These  factors  naturally  have  resulted  in  a  departure  from  traditional 
design  concepts,  especially  with  regard  to  breech  components,  necessitating 
more  sophisticated  stress  analysis  and  closer  evaluation  of  component  fa¬ 
tigue  characteristics. 


*  T.  F.  Mac.Laughlin,  Research  Mechanical  Engineer,  Experimental 
Mechanics  Laboratory,  Watervliet  Arsenal,  Watervliet,  New  York. 

* ;iI  J.  P.  Purtell,  Chief,  Experimental  Mechanics  Laboratory,  Watervliet 
Arsenal,  Watervliet,  New  York. 
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DESCRl!’  1'ION  OK  1MFAC T  MACHINE 


For  tlu-  past  ten  years  a  series  of  high  energy  impact  machines  have 
been  developed  at  Watervliel  Arsenal  for  dynamically  evaluating  the  breech 
components  of  various  heavy  weapons.  These  machines  have  been  designed 
to  repetitively  simulate  uilual  tiring  load  pulses  at  a  rate  such  that  rapid 
evaluation  is  possible. 

Two  steam-driven  single-acting  pile  hammers  act  as  energy  sources 
for  the  machine  currently  in  operation.  The  smaller  of  these  hammers  may 
be  equipped  with  either  a  1000-  or  a  6000-pound  weight  which  can  be  dropped 
from  a  maximum  height  of  inches,  and  is  capable  of  a  maximum  striking 
energy  of  17,  500  loot- pounds.  The  larger  hammer  contains  a  10,  000-pound 
weight  which  can  be  dropped  from  heights  up  to  39  inches,  producing  a  max¬ 
imum  striking  energy  of  3d,  900  foot-pounds.  Both  hammers  deliver  50  to 
100  blows  per  minute,  depending  on  the  drop  height. 

The  impulse  delivered  by  the  hammer  is  transmitted  to  the  test 
specimen  through  a  piston  arrangement  and  a  pulse- shape r,  the  configura¬ 
tion  of  which  depends  upon  the  particular  weapon  component  being  tested. 

The  pulse-shaper  is  needed  in  order  to  simulate  the  load  pulse  rise  time 
and  maximum  force  experienced  in  actual  firing.  In  general,  it  consists 
of  a  fluid  chamber  acting  as  a  liquid  spring  whose  spring  constant  may  be 
adjusted  by  varying  the  fluid  volume. 

The  specimen  holders  consist  of  simulated  shortened  gun  tubes, 
known  as  tube  adapters,  to  which  the  breech  components  are  attached  as 
m  the  actual  gun.  The  adapters  are  shrink-assembled  or  screwed  into  the 
test  machine,  and  can  be  readily  changed  for  different  specimens. 

The  entire  machine  rests  on  an  eight  foot  cube  of  concrete  which 
is  set  into  a  concrete  shell  located  on  bed  rock  beneath  the  laboratory 
floor.  Fabricu  insulating  material  is  located  between  the  cube  and  the  shell. 

A  new  impact  machine,  which  will  be  capable  of  producing  a  maximum 
striking  energy  of  60,000  foot-pounds,  is  currently  being  designed  at 
Watervliet  Arsenal.  This  new  machine  will  be  used  for  dynamic  evaluation 
of  breech  components  for  future  weapons  having  liigher  performance  char¬ 
acteristics  than  today's  weapons. 

FATIGUE  TEST  CONFIGURATIONS 


The  high  energy  impact  machine  has  been  used  to  evaluate  fatigue 
and  stress  distribution  characteristics  of  breech  components  for  a  number 


of  different  weapons.  The  first  type  of  component  to  undergo  testing  was 
the  breech  ring  of  a  sliding  block  type  breech  mechanism.  Figure  1  shows 
schematically  the  test  assembly  for  this  specimen.  It  can  be  seen  that  the 
fluid  chamber  provided  force  magnification  as  well  as  pulse  shaping.  The 
strain  gaged  load  cell  was  calibrated  in  the  machine  by  applying  known 
amounts  of  static  fluid  pressure  to  the  fluid  chamber  and  correlating  strain 
with  load.  The  bottom  of  this  cell  was  cartridge-shaped  so  that  the  load 
would  be  distributed  to  the  test  specimen  in  approximately  the  same  manner 
as  in  actual  firing. 

Another  component  to  be  impact  fatigue  tested  was  the  coupling  of 
a  split  chamber  breech,  illustrated  in  figure  2.  The  significant  difference 
in  this  specimen  from  that  of  the  previously  described  test  was  that  the 
coupling  was  of  mjch  lighter  construction  and  was  sensitive  to  lateral  pres¬ 
sure  as  well  as  axial  thrust  due  to  firing.  This  prompted  a  relocation  of 
the  fluid  chamber  such  that  this  lateral  pressure  would  be  simulated.  The 
fluid  chamber  between  the  upper  and  lower  pistons  was  removed  in  order 
to  obtain  the  proper  pulse  duration.  The  correct  peak  load  was  obtained  in 
spite  of  the  loss  of  the  force  magnification  feature,  by  improving  the  bear¬ 
ing  surfaces  on  the  pistons  and  increasing  the  drop  height  to  nearly  its  max¬ 
imum  value.  Load  pulse  monitoring  was  accomplished  by  strain  gages 
which  were  mounted  on  the  piston  and  breech  chamber  and  were  calibrated 
in  the  machine  by  static  fluid  pressure  measurements  as  before. 

Figure  3  shows  the  impact  machine  configuration  for  the  screw  block 
type  breech  mechanism,  which  was  very  similar  to  that  of  figure  2,  except 
that  a  single  piston  was  used,  providing  a  more  efficient  force  transfer 
from  falling  weight  to  specimen. 

Finally,  a  comparison  of  the  fatigue  lives  of  various  types  of  mor¬ 
tar  baseplates  has  been  made,  using  the  1000-pound  weight  with  the  smaller 
hammer  (figure  4).  This  test  differed  from  the  breech  component  tests 
in  that  (1)  relatively  low  thrust  levels  were  required  (approximately  one- 
twentieth  that  of  the  breech  component  tests),  and  (2)  no  fluid  chamber  was 
needed  to  obtain  the  proper  force-time  pulse  due  to  the  springiness  of  the 
baseplate  itself.  Also,  it  should  be  pointed  out  that  although  the  firing  pulse 
was  simulated,  other  field  conditions  were  not:,  namely,  angle  of  firing  and 
means  of  supporting  the  baseplate.  These  factors  were  not  considered  sig¬ 
nificant  due  to  the  comparative  nature  of  the  test. 

ANALYSIS  OF  IMPACT  MACHINE 


A  vibrational  analysis  was  performed  on  the  impact  machine  in  order 
that  fluid  chambers  and  pistons  could  be  readily  redesigned  for  different 


of  different  weapons.  The  first  type  of  component  to  undergo  testing  was 
the  breech  ring  of  a  sliding  block  type  breech  mechanism.  Figure  1  shows 
schematically  the  test  assembly  for  this  specimen.  It  can  be  seen  that  the 
fluid  chamber  provided  force  magnification  as  well  as  pulse  shaping.  The 
strain  gaged  load  cell  was  calibrated  in  the  machine  by  applying  known 
amounts  of  static  fluid  pressure  to  the  fluid  chamber  and  correlating  strain 
with  load.  The  bottom  of  this  cell  was  cartridge-shaped  so  that  the  load 
would  be  distributed  to  the  test  specimen  in  approximately  the  same  manner 
as  in  actual  fi  ring. 

Another  component  to  be  impact  fatigue  tested  was  the  coupling  of 
a  split  chamber  breech,  illustrated  in  figure  2.  The  significant  difference 
in  this  specimen  from  that  of  the  previously  described  test  was  that  the 
coupling  was  of  mjch  lighter  construction  and  was  sensitive  to  lateral  pres¬ 
sure  as  well  as  axial  thrust  due  to  firing.  This  prompted  a  relocation  of 
the  fluid  chamber  such  that  this  lateral  pressure  would  be  simulated.  The 
fluid  chamber  between  the  upper  and  lower  pistons  was  removed  in  order 
to  obtain  the  proper  pulse  duration.  The  correct  peak  load  was  obtained  in 
spite  of  the  loss  of  the  force  magnification  feature,  by  improving  the  bear¬ 
ing  surfaces  on  the  pistons  and  increasing  the  drop  height  to  nearly  its  max¬ 
imum  value.  Load  pulse  monitoring  was  accomplished  by  strain  gages 
which  were  mounted  on  the  piston  and  breech  chamber  and  were  calibrated 
in  the  machine  by  static  fluid  pressure  measurements  as  before. 

Figure  5  shows  the  impact  machine  configuration  for  the  screw  block 
type  breech  mechanism,  which  was  very  similar  to  that  of  figure  2,  except 
that  a  single  piston  was  used,  providing  a  more  efficient  force  transfer 
from  falling  weight  to  specimen. 

Finally,  a  comparison  of  the  fatigue  lives  of  various  types  of  mor¬ 
tar  baseplates  has  been  made,  using  the  1000-pound  weight  with  the  smaller 
hammer  (figure  4).  This  test  differed  from  the  breech  component  tests 
in  that  (1)  relatively  low  thrust  levels  were  required  (approximately  one- 
twentieth  that  of  the  breech  component  tests),  and  (2)  no  fluid  chamber  was 
needed  to  obtain  the  proper  force-time  pulse  due  to  the  springiness  of  the 
baseplate  itself.  Also,  it  should  be  pointed  out  that  although  the  firing  pulse 
was  simulated,  other  field  conditions  were  not,  namely,  angle  of  firing  and 
means  of  supporting  the  baseplate.  These  factors  were  not  considered  sig¬ 
nificant  due  to  the  comparative  nature  of  the  test. 

ANALYSIS  OF  IMPACT  MACHINE 


A  vibrational  analysis  was  performed  on  the  impact  machine  in  order 
that  fluid  chambers  and  pistons  could  be  readily  redesigned  for  different 
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FIG.  I 

FATIGUE  TEST  CONFIGURATION 
SLIDING  BLOCK  TYPE  BREECH  MECHANISM 
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FIG.  2 

FATIGUE  TEST  CONFIGURATION 
SPLIT  CHAMBER  BREECH  MECHANISM 
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FIG.  3 

FATIGUE  TEST  CONFIGURATION 
SCREW  BLOCK  TYPE  BREECH  MECHANISM 


tests.  TIi,-  inai'liiiic  and  tin'  specimen  wcri'  represented  by  a  series  of 
springs  and  masses  which  reduced  to  three  or  lour  degrees  of  freedom, 
depending  on  tlu:  test.  Figure  S  illustrates  the  spring-mass  representa¬ 
tion  for  the  test  arrangement  shown  in  figure  1.  The  analysis  was  ac¬ 
complished  by  the  use  of  well-known  vibrational  methods*,  and  a  solution 
was  obtained  for  the  force-time  pulse  experienced  by  the  specimen. 

The  results  of  applying  this  analysis  to  the  mortar  baseplate  test, 
which  reduced  to  a  three-degree-of- freedom  system,  are  represented  in 
figure  6.  It  is  seen  that  good  correlation  was  achieved  with  regard  to 
pulse  duration  and  maximum  force. 

EXPERIMENTAL  PROCEDURES  AND  RESULTS 


A  typical  test  procedure  for  dynamic  evaluation  of  a  breech  mechanism 
consists  of  the  following  phases. 

1.  Selection  of  a  series  of  breech  components.  This  may  involve 
a  comparison  of  alternate  design  features,  or  repetitive  tests 
on  several  identical  components  in  order  to  determine  more 
accurately  the  fatigue  life. 

2.  Static  Test.  This  phase  consists  of  pressurizing  the  fluid  cham¬ 
ber,  locating  the  critically  stressed  regions,  and  determining  a 
static  stress- strain  analysis  in  these  regions.  Brittle  coating 
and  photoelastic  coating  techniques  are  employed  along  with  strain 
gages  and  the  appropriate  switching  and  balancing  units  and  strain 
indicator. 

3.  Dynamic  Test,  The  impact  machine  is  used  to  subject  the  test 
specimen  to  repetitive  simulated  firing  pulses.  Strain  gages 

-  mounted  in  critically  stressed  regions  are  monitored  by  oscil¬ 

loscopes  or  oscillographs.  Cathode  followers  and  oscilloscopes 
are  used  to  record  traces  from  pressure  gages  and  accelerometers. 
The  falling  weight  interrupts  a  light  beam  entering  a  photocell, 
triggering  the  oscilloscopes  and  activating  a  counter.  At  cer¬ 
tain  intervals  during  the  fatigue  test  the  machine  is  disassembled 
and  the  specimens  undergo  magnetic  particle  inspection  for  fa¬ 
tigue  cracks. 

The  degree  of  simulation  achieved  by  the  impact  machine  is  demon¬ 
strated  by  figure  7,  which  shows  a  typical  comparison  of  traces  obtained 
from  a  strain  gage  mounted  on  the  breech  block  of  the  screw  block  type  breech 
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FIG.  5 

SPRING-MASS  REPRESENTATION-SLIDING  BLOCK  TYPE 
BREECH  MECHANISM  FATIGUE  TEST. 
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FIG.  7 

STRAIN -TIME  PULSE  -  STRAIN  GAGE  LOCATED 
TANGENTIALLY  ON  REAR  FACE  OF  SCREW  TYPE 
BREECH  BLOCK 


mechanism  (figure  i).  To  obtain  this  data,  a  gaged  brunch  mechanism 
which  had  been  tested  on  the  impact  machine  was  taken  to  Aberdeen 
Proving  Ground  and  strain  recordings  were  made  during  actual  firing. 

In  order  to  obtain  a  realistic  life  estimate  of  a  given  component, 
a  statistical  technique  for  the  unlaysis  of  small  sample  sizes  is  employed 
\  since  fatigue  testing  many  identical  specimens  is  economically  un¬ 
feasible.  Using  fatigue  life  data  obtained  from  relatively  few  specimens, 
this  technique  provides  a  means  of  estimating  the  safe  life  for  various 
values  of  reliability  and  statistical  confidence.  For  example,  it  may  be 
desired  that  a  component  be  .9999  reliable  (i.e.  ,  no  more  than  one  fail¬ 
ure  out  of  10,  000  specimens  is  tolerated).  By  conservatively  estimating 
the  failure  distribution  from  the  available  experimental  data,  it  is  pos¬ 
sible  to  select  a  rated  life  corresponding  to  a  given  statistical  confidence 
level.  The  statistical  confidence  is  defined  as  the  probability  that  the 
predictions  are  on  the  conservative  side. 

CONCLUSION 

A  dynamic  stress-strain  analysis  of  a  given  breech  mechanism  is 
obtained,  along  with  fatigue  information  which  is  used  to  estimate  condem¬ 
nation  limits  for  the  various  components.  The  accumulation  of  information 
from  various  tests  provides  a  valuable  guide  to  the  future  design  of  heavy 
weapons.  To  obtain  dynamic  evaluation  by  means  of  field  testing  with  live 
ammunition  would  be  prohibitive  due  to  both  economic  and  time  limitations. 
At  a  time  when  lighter  and  higher  performance  weapons  are  under  develop¬ 
ment,  therefore,  the  usefulness  of  the  high  energy  impact  machine  has 
been  well  established. 
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DISCUSSION 

Mr,  Zaroodny,  APG-BRL;  I  am  very  happy  to  see  that  this  type  of  work 
is  being  taken  up  seriously  and  so  much  of  it  is  being  done.  However,  there 
are  lots  of  items  in  which  our  experience  gained  at  the  proving  grounds  does 
not  support  your  results.  In  particular  I  would  like  to  mention  mortars. 

You  said  that  the  pulse  on  a  mortar  base  plate,  although  very  short  in  dura¬ 
tion.  is  more  or  less  simulating  the  thing  by  virtue  of  flexibility  of  the  base 
plate. 

Mr,  MacLaughlin:  I  believe  that  it  was  simulating  the  actual  response  that 
the  base  plate  received. 

Mr.  Zaroodny:  We  have  measured  the  response  of  the  base  plate  and  I  am 
sorry  to  say  that  it  was  nothing  like  what  you  infer.  There  was  only  one 
similarity  in  that  the  curves  were  extremely  hashy.  What  happens  is  that 
the  ground  behaves  first  as  though  it  were  a  rigid  system.  Then  this  rigid 
system  suddenly  breaks  down  and  offers  only  a  small  amount  of  resistance. 
Then  around  the  time,  when  the  mortar  effects  the  shell  there  occurs  a  very 
sudden  growth  of  resistance.  At  any  rate  the  phenomenon  is  not  so  simple 
as  it  was  indicated  by  you. 

Mr,  MacLaughlin:  Thank  you  very  much  for  your  comments.  I  realize  that 
we  are  greatly  simplifying  the  situation  of  the  mortar  base  plate.  I  think 
that  1  can  only  reiterate  what  I  said  before  in  that  we  are  trying  to  compare 
different  base  plates  only.  If  we  were  to  make  a  complete  analysis  on  the 
mortar  base  plates  as  we  do  try  to  do  on  most  of  our  breech  components, 
we  would  go  into  much  more  detail  on  simulation.  This  1  readily  admit. 


TENSILE  IMPACT  UN  RUBBER  AND  NYLON  • 


Malcolm  N,  Pilsworth,  Jr.  : 


ABSTRACT 

The  program  umlcr  which  this  work  is  being  dune  is  called  "The  pro¬ 
perties  of  materials  at  high  rate  of  strain."  So  far  the  attention  has  been 
mainly  on  the  tensile  impact  of  polymeric  materials  at  rates  where  the  re¬ 
sponse  is  of  a  wave  nature.  This  is  where  the  ratio  of  the  impact  velocity 
to  the  velocity  of  propagation  in  the  material  is  an  appreciable  fraction  of 
the  breaking  strain. 

The  immediate  objective  has  been  to  find  a  means  of  describing  or 
characterizing  the  response  under  these  conditions.  For  example,  to  what 
extent  is  a  dynamic  stress- strain  curve  useful  here? 

An  apparatus  is  described  capable  of  delivering  a  tensile  impact  at 
velocities  of  about  1  SO  ft/sec.  Several  methods  of  observing  the  response 
were  used  including  a  photographic  technique  with  a  high-speed  stroboscope. 

Possible  dynamic  stress-strain  curves  may  be  deduced  from  the  measure¬ 
ments.  If  we  assume  that  such  a  curve  completely  defines  the  response  of 
the  material  we  may  use  the  equations  and  method  of  von  Karman  to  con¬ 
struct  the  wave  pattern  of  the  response.  On  doing  this  we  find  that  the  con¬ 
structed  response  always  has  more  distinct  waves  and  sharper  wave  fronts 
than  the  observed  response.  In  vi sco- elastic  terms  this  means  that  an 
appreciable  fraction  of  the  relaxation  time  spectrum  is  included  in  the  range 
between  the  total  time  of  the  test  (a  few  milliseconds)  and  the  time  required 
for  a  constructed  wave  front  to  pass  a  point  in  the  sample  (several  hundred 
microseconds). 

For  rubber  it  was  assumed  that  this  delayed  response  (that  is,  delayed 
in  relation  to  the  wave  front)  could  be  expressed  by  a  creep  function.  A 
graphical  analysis  was  made  in  which  the  increase  in  strain  due  to  such  a 
creep  function  was  added  to  the  strain  constructed  from  a  stre ss- strain 
curve.  The  resulting  strain  wave  pattern  agrees  with  the  observed  pattern 
much  better  than  does  that  constructed  from  a  stress-strain  curve  alone. 


*  Malcolm  N.  Pilswortii,  Jr.,  Quartermaster  Research  &  Engineering 
Center,  Pioneering  Research  Division,  Natick,  Massachusetts. 


At  low  rales  of  strain  tin-  determination  of  the  variation  in  the  proper¬ 
ties  of  materials  with  tin-  speed  of  testing  is  a  straightforward  matter. 
However,  when  the  response  of  the  sample  is  dominated  by  inertial  effects, 
the  observation  of  material  properties  is  more  of  a  problem.  For  tensile 
impact  this  situation  arises  when  the  ratio  of  the  velocity  of  impact  to  the 
velocity  of  propagation  of  a  strain  pulse  in  the  material  is  an  appreciable 
fraction  of  the  breaking  strain,  since  this  ratio  determines  the  pulse  height. 
The  object  of  the  present  work  on  two  representative  polymeric  materials 
a  rubber  strip  and  a  high-tenacity  nylon  yarn,  is  to  determine  a  method  of 
characterizing  the  response  of  such  materials  to  tensile  impact.  Much 
of  this  work  appears  in  a  recent  report  . 

It  is  convenient  to  describe  the  response  of  materials  with  a  stress- 
strain  curve.  If  the  stress  can  be  applied  uniformly  throughout  the  sample 
this  is  correct.  If  inertial  effects  prevent  uniform  stressing  there  are  lim¬ 
itations.  If  we  use  a  stress-strain  curve  in  such  a  case  we  are  assuming 
that  the  initial  response  of  the  material  is  so  rapid  as  to  be  considered  in¬ 
stantaneous  compared  to  the. time  scale  of  the  experiment  and  that  any  sub¬ 
sequent  creep  is  so  slow  that  it  may  be  ignored  for  the  time  of  the  experi¬ 
ment.  Experimental  techniques  designed  to  check  this  assumption  were 
used.  Also  there  are  other  ways  to  examine  the  likelihood  of  materials 
responding  in  this  way.  Even  if  it  is  indicated  that  a  dynamic  stress-strain 
curve  is  not  completely  correct,  it  may  still  be  useful. 

If  we  assume  that  the  material  obeys  a  dynamic  stre ss- strain  curve, 
the  response  to  a  tensile  impact  may  be  calculated  by  a  method  of  char¬ 
acteristics  as  given  by  von  Karman  .  The  procedure  described  in  this  re¬ 
port  is  to  obtain  enough  information  to  estimate  such  a  dynamic  stress- 
strain  curve  and  also  to  get  some  measure  of  the  response.  The  calculated 
and  measured  responses  may  then  be  compared. 

An  apparatus  was  constructed,  as  sketched  in  Figure  1,  that  uses 
heavy  rubber  bands  to  accelerate  a  slider  along  tracks.  The  sample  is 
placed  between  the  tracks  and  fastened  to  a  T-shaped  head  mass.  Pro¬ 
jections  on  the  bottom  of  the  slider  strike  this  head  mass  at  about  150  ft/sec. 
Several  methods  have  been  used  for  observing  the  response.  In  one  method, 
the  sample  is  fastened  between  the  head  mass  and  a  lighter  tail  mass. 

The  motion  of  the  tail  mass  is  a  measure  of  the  force  at  the  tail  end  of  the 
sample,  and  the  distance  between  the  masses  is  a  measure  of  the  average 
strain.  The  force  at  the  tail  end  may  also  be  observed  by  means  of  a  cali¬ 
brated  weak  link. 

At  present  we  are  using  high-speed  photography  to  observe  the  local 
strain.  The  sample  is  illuminated  with  an  Edgerton,  Ge rmeshausen  and 
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Grier  No.  SOI  High-Speed  Stroboscope.  The  event  is  pictured  in  a  still 
camera,  the  images  being  separated  with  a  moving  mirror.  Regularly 
spaced,  contrasting  marks  are  made  on  the  sample. 

The  best  pictures  so  far  have  been  made  with  the  rubber  strip.  This 
was  white  natural  rubber  with  a  0.  OHO  inch  square  cross  section.  Figure 
Z  is  a  picture  of  an  impact  on  a  sample  10  cm  long  with  marks  every  centi¬ 
meter.  The  impact  was  at  1 3H  ft/sec.  The  picture  was  taken  at  a  strobe 
rate  of  Z000/ sec  at  f/11  on  Polaroid  3000  film.  At  the  upper  left  the  sample 
before  impact  may  be  seen.  The  path  of  the  slider  is  from  upper  left  to 
lower  right.  Near  the  middle  of  the  picture  it  passes  out  of  the  region  il¬ 
luminated  by  the  strobe  into  a  region  with  steady  light.  Down  the  left  side 
may  be  seen  the  successive  images  of  the  rubber  sample  as  it  is  stretched. 
The  sample  failed  at  the  moving  end  in  about  10  millisec.  It  is  interesting 
to  note  how  rapidly  it  retracted  after  failure.  This  velocity  was  measured 
at  525  ft/sec.  Fixed  targets  drew  the  white  lines  at  the  ends  of  the  picture 
which  serve  as  calibration  marks  to  correct  for  the  distortion  introduced 
by  the  motion  of  the  plane  mirror. 

Measurements  were  made  from  this  picture  to  get  strain- time-position 
data.  The  results  are  shown  in  Figure  3  with  time  and  position  as  coordi¬ 
nates  and  strain  as  a  parameter.  (Position  is  defined  as  numerically  equal 
to  distance  on  the  unstrained  sample,  measured  from  the  fixed  end.  ) 

The  initial  pulse  and  the  first  reflection  from  the  fixed  end  are  well 
defined  but  after  this  the  strain  hardly  seems  to  proceed  as  a  pulse  at  all. 
From  values  of  the  propagation  velocity,  from  the  value  of  the  strain  on  the 
plateaus  after  a  pulse,  and  by  comparison  with  a  slow-speed  stress- strain 
curve,  a  possible  dynamic  stress- strain  curve  may  be  deduced.  Assuming 
that  the  material  obeys  this  curve  we  may  calculate  the  response  as  men¬ 
tioned  above.  This  is  shown  in  Figure  4. 

The  calculated  values  for  the  initial  pulse  and  the  first  reflection  agree 
well  with  the  measurements.  Also  the  general  level  of  strains  and  the  times 
required  to  reach  them  agree  reasonably  well.  But  after  the  first  pulse 
and  reflection  the  wave  shapes  are  markedly  different.  The  calculations 
give  curves  of  increasing  sharpness  until  finally  they  become  shock  waves. 
No  such  sharp  pulses  were  observed. 

This  could  mean  cither  that  we  have  not  used  the  correct  stress- strain 
curve  or  that  it  is  not  correct  to  assume  the  material  obeys  a  fixed  dynamic 
stress-strain  curve.  Even  if  a  curve  had  been  assumed  without  the  steep 
portion  that  accounts  for  the  calculated  shock  fronts,  the  calculated  pulses 
would  still  be  well  defined.  This  means  that  although  the  larger  portion  of 


Figure  3.  Rubber  impact.  Position  vs.  Time,  showing  lines  of 
constant  strain. 
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Figure  I,  Position- time  diagram  for  a  rubber  impact  calculated 
from  characteristics. 
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the  change  in  strain  may  be  occurring  in  times  too  short  to  observe  here, 
the  re  is  still  an  appreciable  change  of  strain  in  the  millisecond  region. 

A  modified  calculation  was  made  to  see  if  we  could  get  better  agree¬ 
ment  with  the  observed  strain  pattern.  For  this,  pulses  from  a  stress- 
strain  curve  were  combined  with  the  creep  occurring  after  the  passage  of 
each  pulse.  The  rate  of  this  creep  was  estimated  from  the  difference  be¬ 
tween  the  data  and  the  calculated  pulse  values.  This  calculation  (Figure  5) 
gives  considerably  better  agreement  with  the  data  than  results  calculated 
from  a  stress- strain  curve  alone. 

So  our  experiments  indicate  that  the  initial  response  of  rubber  does 
not  all  occur  in  times  shorter  than  a  millisecond.  There  are  some  con¬ 
siderations  that  confirm  this  conclusion.  In  viscoelastic  terms  our  re¬ 
quirement  of  an  instantaneous  response  in  times  shorter  than  we  can  ob¬ 
serve  and  with  no  measurable  change  in  the  time  scale  of  the  experiment 
means  a  relaxation- time  distribution  curve  with  a  peak  in  the  microsecond 
region,  almost  zero  in  the  millisecond  region  and  a  rise  again  for  longer 
times.  Most  viscoelastic  materials  have  more  continuous  relaxation- time 
spectra  than  this. 

For  some  materials,  of  which  rubber  is  one,  the  principle  of  time- 
temperature  equivalence  allows  us  to  construct  a  curve  of  the  time  re¬ 
sponse  of  the  material  ^ .  To  do  this  the  creep  is  measured  over  a  wide 
range  of  temperatures.  The  response  at  low  temperatures  and  in  moderate 
times  is  similar  to  that  at  higher  temperatures  and  much  shorter  times. 

With  the  proper  procedure  a  curve  may  be  constructed  to  represent  the  re¬ 
sponse  at  a  single  temperature  (Figure  6).  Since  the  time  scale  extends 
from  10“^  to  1(T  seconds,  a  log  scale  must  be  used.  The  curve  is  sigmoid 
in  shape,  rising  very  rapidly  in  the  microsecond  region  and  having  a  very 
gentle  rise,  linear  with  log-time,  above  a  second  or  so. 

In  order  for  an  impact-response  calculation  based  solely  on  a  stress- 
strain  curve  to  be  correct,  the  rapid  rise  in  this  sigmoid  curve  must  occur 
in  a  few  microseconds  and  the  linear  region  must  extend  below  a  millisecond. 
This  would  correspond  to  a  relaxation- time  spectrum  with  an  isolated  peak 
in  the  microsecond  region.  This  does  not  seem  to  be  the  case.  Although 
temperature-creep  tests  were  not  made  on  the  present  sample,  published 
curves  (Figurc6)  for  similar  rubbers3  show  that  the  strain  is  still  increas¬ 
ing  fairly  rapidly  in  the  millisecond  region.  Since  there  is  appreciable 
change  of  strain  with  time  within  the  time  scale  of  the  impact,  we  cannot 
expect  to  see  well-defined  pulses  throughout  the  test  and,  as  noted  above, 
we  did  not. 


.  TIME,  MILLISEC. 


Figure  5,  Position- time  diagram  for  a  rubber  impact  obtained  by 
combining  characteristic  calculation  and  creep. 


336 


CONANT,  HALL 
and  LYONS  / 


337 


Figure  6.  Creep  of  natural  rubber  at  room  temperature  determined  by  time- 

temperature  equivalence.  Creep  measured  after  impact  for  a  similar 
sample  is  also  shown. 


Another  expo  miiriit.il  technique  was  used  to  measure  how  much  the  strain 
changes  in  the  time  scale  ot  an  impact  experiment.  For  this  a  long  rubber 
sample  was  used  so  that  then-  would  be  no  reflection  from  the  fixed  end  in 
the  time  that  the  sample  was  observed  (about  10  millisec).  The  initial  pulse 
was  the  same  as  with  a  short  sample  but  once  the  observed  portion  has 
reached  the  velocity  o!  the  head  it  moves  with  constant  strain  except  for  the 
small  amount  of  creep  which  we  want  to  measure.  This  creep  was  about 
at  the  limit  of  our  accuracy,  and  fai  riy-elaborate  smoothing  techniques  were 
required  to  get  a  reasonabl y- acc  urate  determination. 

The  rate  of  creep  measured  was  reasonable  in  comparison  with  time- 
temperature  determined  curves  (see  Figure  6)  but  was  somewhat  less  than 
that  used  in  the  above  calculation  combining  stress-strain  determined  pulses 
with  creep.  1'his  must  mean  that  creep  or  observable  change  in  strain  is 
not  the  oidy  thing  that  is  preventing  the  occurrence  of  sharp  pulses.  After 
the  initial  pulse  passes,  the  material  continues  to  relax  slowly.  Some  of 
this  relaxation  will  appear  as  creep  but  some  will  appear  as  a  temporary 
decrease  in  stress.  The  actual  stress  level  will  of  course  be  always  in¬ 
creasing  but  the  relaxation  tendency  will  have  to  distribute  itself  along  the 
sample  at  propagation  velocities  and  so  should  have  a  smoothing  effect  on 
the  strain-wave  pattern. 

So  far  it  has  not  been  possible  to  get  pictures  with  the  nylon  yarn  good 
enough  for  an  analysis  as  with  the  rubber,  because  the  smaller  cross  sec¬ 
tion  of  the  yarn  makes  it  a  poorer  photographic  subject,  and  the  much- 
smaller  strains  make  accuracy  more  difficult.  However,  tests  were  made 
that  should  help  us  to  decide  whether  nylon  yarn  as  well  as  rubber  has  ap¬ 
preciable  creep  during  the  time  of  an  impact  test.  The  yarn  was  1066-denier 
high-tenacity  nylon.  It  was  impacted  at  1 60  ft/sec. 

These  tests  enable  us  to  compare  the  shape  of  the  first  pulse  in  the 
nylon  with  that  calculated  from  a  stress- strain  curve.  The  stress- strain 
curve  for  this  purpose  was  obtained  from  the  motion  of  a  tail  mass.  Strictly, 
this  will  not  give  a  stress- strain  curve  since  it  measures  strain  averaged 
over  the  whole  sample  and  stress  at  just  one  end.  However,  if  the  pulses 
in  the  nylon  tend  to  smooth  out  as  they  do  in  the  rubber  (and  the  photographs 
obtained  indicate  that  they  do  smooth  out),  a  stress- strain  curve  determined 
in  this  fashion  should  not  be  much  in  error.  In  any  case  only  the  lower  part 
of  the  curve  is  used  here  and  it  differs  little  from  a  static  curve.  Assuming 
that  this  curve  determines  the  response  of  the  material,  the  strain-wave 
pattern  may  be  calculated.  From  this  the  stress  at  the  fixed  end  may  be 
determined  as  a  function  of  time. 


rill  rt  stress  was  measured  h  y  means  of  "weak  links".  The  sample  was 
held  at  the  fixed  end  by  a  weak  link  formed  by  one  or  more  strands  of  fine 
copper  wire.  The  torce  to  break  one  strand  was  known.  From  a  series  of 
tests  with  various  numbers  of  strands  in  which  the  time  to  break  after  the 
initial  impact  was  measured,  the  stress-time  curve  at  the  tail  was  determined. 
This  seemed  to  work  well  for  the  initial  pulse  but  at  greater  stresses  there 
was  excessive  scatter.  This  measured  curve  was  corrected  for  the  esti¬ 
mated  time  it  took  the  weak  link  to  break  after  it  was  loaded.  The  calcu¬ 
lated  curve  was  corrected  for  the  small  but  finite  time  it  took  the  head  mass 
to  reach  full  velocity,  and  the  two  curves  are  compared  in  Figure  7. 

The  level  of  stress  after  the  passage  of  the  initial  pulse  agrees  very 
well  for  the  measured  and  calculated  cases.  However  the  calculated  stress 
rises  more  sharply  than  that  measured.  So  the  material  does  not  respond 
as  rapidly  as  the  calculation  from  a  stress-strain  curve  indicates. 

To  summarize  we  may  say  that  a  stress-strain  curve  may  be  used  to 
determine  the  over-all  impact  response  of  both  materials  studied,  rubber 
and  high- tenacity  nylon  yarn.  Such  an  analysis,  however,  indicates  steep 
wave  fronts  that  would  require  more  rapid  response  than  the  materials  ex¬ 
hibit.  So  for  a  complete  picture  of  the  response  we  must  include  some 
slower -acting  meehani  sms. 
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HIGH  LOADING  RATE  TES  TING  MACHINE,  DEVELOPMENT 
AND  TYPICAL  MATERIALS  TESTING  APPLICATIONS 

T.  M.  Roach,  Jr .  -f 


ABSTRACT 

The  Ordnance  Design  Engineer  is  often  faced  with  problems  for  which 
it  would  be  advantageous  to  have  dynamic  strength  data  available  for  use  in 
designs  where  the  maximum  load  is  applied  to  the  design  item  on  a  scale 
measurable  in  milliseconds.  This  paper  covers  the  design,  development 
and  testing  applications  of  a  high  loading  rate  tensile  testing  machine  that 
was  constructed  and  delivered  to  this  Arsenal  by  the  Hesse-Eastern  Divi¬ 
sion  of  Flightex  Fabrics,  Inc.  ,  in  order  that  this  dynamic  strength  data 
could  be  obtained.  The  testing  machine  to  be  discussed  is  capable  of  mak¬ 
ing  tension  or  compression  tests  in  which  the  time  to  reach  a  desired  stress 
level  may  be  varied  from  one  second  down  to  five  milliseconds.  It  is  pos¬ 
sible  to  apply  a  preset  value  of  stress  and  maintain  this  stress  at  a  con¬ 
stant  level  until  yielding  of  the  specimen  occurs.  Tests  to  fracture  may 
also  be  performed  and  stresses  up  to  300.  000  psi  may  be  applied  to  a  .  250 
inch  diameter  specimen.  Provisions  are  provided  for  testing  specimens  at 
various  temperatures  from  -65°F  to  300°F.  A  number  of  special  carburized 
steel  specimens  were  taken  to  fracture  in  the  low  millisecond  time  range, 
in  order  that  the  effects  of  carburization  depth  could  be  assessed.  The  re¬ 
sults  of  this  series  of  tests  are  reported.  Also  discussed  are  the  dynamic 
tests  performed  on  two  component  items,  shot- start  and  shock  screw,  and 
several  pearlitic  malleable  iron  specimens. 

INTRODUCTION 


Scientists  have  recognized  for  some  time  that  a  difference  exists  be¬ 
tween  the  mechanical  properties  of  metals  under  dynamic  and  static  con¬ 
ditions  of  loading.  Investigations  of  this  relationship  have  shown  that  in 
most  cases  an  increase  in  the  loading  rate  raises  both  the  yield  and  ulti¬ 
mate  strength  of  the  material, 

A  phenomenon  which  should  be  considered  important  to  the  Ordnance 
design  engineer  whose  item  is  loaded  to  peak  stress  in  the  low  millisecond 


*T.  M.  Roach,  Jr.  Physicist,  U.  S.  Army  Munitions  Command,  Pic  atinny 
Arsenal,  Dover,  New  Jersey. 


range  is  "delayed  yielding.  "  When  certain  metals,  particularly  mild  steel, 
are  loaded  rapidly  to  a  constant  stress  level  above  the  yield  stress,  a  time 
delay  for  initiation  of  plastic  flow  is  exhibited.  It  was  after  a  review  of 
this  work,  reported  by  l)rs.  Clark  and  Wood,  that  the  Metallurgical  Coordi¬ 
nation  Committee  of  Fieatinny  Arsenal  recommended  that  arrangements  be 
made  to  have  a  typical  shell  steel  tested  in  their  machine  at  the  California 
Institute  of  Technology.  Dr.  Rolf  Weil  of  the  Arsenal's  Engineering  Re¬ 
search  Section,  visited  Drs.  Clark  and  Wood  in  1996  and  used  this  machine 
to  perform  a  series  of  tests  on  a  typical  shell  steel  which  had  a  static  yield 
strength  of  89,  000  psi.  Yield  delays  of  7  milliseconds  were  obtained  with 
loads  of  about  9-1,000  psi  at  10^  psi/sec  loading  rates.  After  these  en¬ 
couraging  results  were  obtained  it  was  decided  to  obtain  a  high- loading  rate 
testing  machine  for  use  at  Picatinny  Arsenal. 

MACHINE  REQUIREMENTS: 


The  following  machine  requirements  were  e stabli shed  by  the  Arsenal's 
Metallurgical  Coordinating  Committee: 

a.  The  machine  shall  be  capable  of  making  tension  or  compression  tests 
in  which  a  stress  is  rapidly  applied  to  a  specimen. 

b.  The  range  of  time  to  reach  a  desired  stress  level  shall  be  from  one 
second  down  to  five  milliseconds.  If  the  capability  to  apply  the  load  faster 
can  be  incorporated  without  unduly  complicating  the  design,  this  would  be  de¬ 
sirable. 


c.  It  shall  be  possible  to  apply  a  pre-set  value  of  stress  and  maintain 
this  stress  at  a  constant  value  until  yielding  of  the  specimen  occurs.  The 
applied  stress  shall  be  able  to  cause  fracture,  but  it  shall  be  possible  to 
apply  a  stress  which  does  not. 

d.  The  load  system,  including  the  specimen,  must  be  critically  damped 
and  should  remain  so  at  the  various  elongations  in  the  specimen  to  be  tested. 

e.  The  specimen  dimensions  and  the  load  system  shall  permit  applications 
of  a  stress  up  to  300,000  psi. 

f.  The  specimen  shall  be  short  enough  so  that  up  to  necking  down,  the 
stress  is  approximately  uniform  over  the  gate  length  at  any  instant. 

g.  There  shall  be*  provisions  for  testing  specimens  at  various  tempera¬ 
tures  from  -65°F  to.300°F, 


h.  A  permanent  test  record  shall  be  made  as  part  of  the  testing  pro¬ 
cedure. 

i.  No  components  of  the  machine  shall  be  damaged  when  the  specimen 
fractures. 

j.  The  machine  shall  allow  the  stress  to  be  applied  in  two  steps  above 
an  initial  value,  applied  in  the  manner  required  in  "c"  above,  and  shall  be 
able  to  re-apply  a  second  stress  within  SO  milliseconds  after  the  stress  has 
been  removed. 

A  basic  machine  design  that  appeared  to  be  capable  of  meeting  the  a- 
bove  specifications  was  conceived  by  the  Hesse-Eastern  Division  of  Flightex 
Fabrics,  Inc.  Everett,  Mass,  and  submitted  to  Picatinny  Arsenal.  The 
proposed  machine  included  a  loading  system  that  depended  on  a  balanced 
pneumatic-hydraulic  pressure  arrangement;  it  was  planned  to  introduce 
compressed  gas  on  one  side  of  the  system,  which  would  be  held  in  equilib¬ 
rium  by  a  volume  of  fluid  at  equal  pressure  on  the  opposite  side.  With  this 
system  linked  to  a  test  specimen,  rapid  loading  was  to  be  accomplished  by 
quickly  venting  some  of  the  fluid  out  of  the  operating  cylinder.  In  the  basic 
proposal,  loading  time  was  to  be  controlled  by  the  variable  restrictions  and 
quick  operating  electrically  controlled  valves.  Sequencing  of  valve  actions 
were  to  be  initiated  and  timed  by  electrically  operated,  adjustable  time  de¬ 
lay  relays.  The  maximum  loading  rates  requested  in  the  specifications  in¬ 
dicated  a  need  for  very  high  speed  valve  actions. 

The  operating  cylinder  and  piston  was  designed  with  sufficient  stroke 
length  to  allow  application  of  successive  rapid  loads,  and  also  to  accomodate 
elongation  of  ductile  specimens.  Two  accumulator  tanks  were  to  be  in¬ 
cluded,  with  a  system  of  manifolding  and  valving  to  allow  two  step  or  two 
pulse  load  patterns.  ^ 

MACHINE  CONSTRUCTION: 


After  the  machine  design  was  formali/.ed  to  a  point  where  all  major 
dimensions  and  operating  parameters  were  established;  sketches  of  the 
various  detail  parts  and  sub-systems  were  prepared.  This  design  was  sub¬ 
mitted  for  Arsenal  approval  and  at  this  time  it  was  decided  to  build  a  bread 
board  version  of  the  test  machine.  After  assembly  of  the  machine  had  pro¬ 
gressed  to  a  point  where  it  could  be  considered  operational,  preliminary 
tests  were  conducted  to  determine  the  spring  constant  of  the  machine  and 
damping  requirements.  Some  design  deficiencies  were  revealed  in  these 
tests  and  changes  were  introduced  which  served  to  correct  these  problems. 
The  instrumentation  system  for  read-out  of  load  and  strain  data  was  also 


si'  1 1- c t ed  at  tins  Mint'.  Tin-  transducers  selected  were  a  Baldwin- Lima- 
1  lami  1  ton- SRI  resi stain  e  sir. tin  gage  separable  extensometcr  to  measure 
strain,  and  a  Cox  and  Stephens  resistance  strain  gage  load  cell  to  measure 
load.  A  Tektronix  dual  beam  oscilloscope  was  selected  for  signal  display. 
The  original  instrumentation  system  for  displaying  the  transducer  outputs 
on  the  oscilloscope  proved  to  be  troublesome  and  was  discarded.  Two  Tek¬ 
tronix,  type  Q  plug-m  units,  which  provide  excitation  voltages  for  the 
strain  gages  or  transducers,  were  substituted.  A  stainless  steel  cylindrical 
enclosure  was  fabricated  to  surround  the  specimen  and  provide  a  heat  shield. 
This  unit  is  fitted  with  a  7^0  W  cal  rod  heating  element  that  was  shaped  to 
surround  the  gage  length  protion  of  a  standard  tensile  specimen.  A  copper 
Constantin  thermocouple  operating  a  milli voltmeter  pyrometer  was  pro¬ 
vided  for  sensing  specimen  temperature.  Low  temperatures  may  be  a- 
chieved  by  placing  an  acetone  and  dry  ice  bath,  or  other  type  of  coolent  in 
the  specimen  chamber. 

Figure  1  shows  the  testing  machine  and  associated  recording  equipment 
and  Figure  1  the  piping  and  valve  layout. 

EVALUATION  TESTS. 


Machine  evaluation  tests  were  performed  prior  to  acceptance  and  all 
the  required  operational  tests  were  performed  satisfactorily  except  the 
capability  to  apply  the  desired  load  to  a  specimen  in  five  milliseconds.  It 
was  suggested  at  this  time  that  a  burst  or  rupture  disk  technique  be  tried. 
The  disk  would  be  designed  to  fail  at  a  predetermined  pressure  level,  and 
provide  the  required  fast  rise  times.  A  burst  disk  holding  fixture  was  de¬ 
signed  to  hold  the  burst  disk,  and  loading  times  of  less  than  five  milli¬ 
seconds  were  obtained  using  this  system.  At  the  present  time  a  new  tech¬ 
nique  is  being  investigated  that  will  permit  a  single  thickness  rupture  disk 
to  be  used  through  the  entire  pressure  range. 

Illustrations  of  the  various  loading  modes  are  shown  in  Figure  3. 

These  are  reproductions  of  the  Polaroid  test  records.  Record  (a)  was  ob¬ 
tained  with  the  machine  selector  switches  set  for  the  "load  and  hold"  con¬ 
dition  of  loading,  (b)  was  obtained  with  the  selector  switches  set  for  the 
"load  and  unload"  condition,  (c)  is  the  result  of  a  "two  step"  loading  selec¬ 
tion  and  (d)  shows  the  "load,  unload  and  reload"  condition. 

EXPERIMENTAL  RESULTS: 

l.  After  machine  installation  was  completed  in  the  Engineering  Sci¬ 
ences  Laboratory  at  Picatinny  Arsenal,  tests  were  made  to  check  machine 
performance.  Two  typical  load  to  fracture  records  that  were  obtained 
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during  these  tests  .ire  shown  in  Figure  1.  Rn  uni  (a)  shows  lailure  of  a 
medium  carbon  steel  specimen  with  an  applied  piston  pressure  of  3  7  S  psi. 

The  peak  load  in  this  ease  was  1,  ‘>1)0  pounds,  equivalent  to  a  maximum 
stress  level  of  01,  000  psi.  Record  (b)  shows  failure  of  an  aluminum  alloy 
with  the  same  machine  loading  of  3 7 S  psi.  The  peak  load  in  the  case  was 
3, -ISO  pounds,  equivalent  to  a  maximum  stress  load  of  70,000  psi.  The 
specimens  used  to  cheek  initial  machine  performance  were  supplied  by  the 
manufacturer.  Static  strength  data  was  not  made  available. 

Z.  It  was  requested  by  l)r.  Rolf  Weil,  of  Stevens  Institute  of  technology, 
soon  after  machine  installation,  that  a  series  of  special  carburized  steel 
specimens  be  taken  to  fracture  in  the  low  millisecond  time  range.  Figure 
5  (a)  shows  the  load  and  strain  record  for  an  SAE  1045  steel  specimen  that 
had  been  carburized  for  a  six-hour  period.  The  peak  load  for  this  speci¬ 
men  was  7700  pounds,  which  is  equivalent  to  a  maximum  stress  level  of 
157,000  psi.  Record  (b)  shows  the  load  and  strain  traces  for  a  specimen 
that  had  been  carburized  for  a  nine  hour  period.  The  peak  load  in  this  case 
was  6400  pounds,  equivalent  to  a  maximum  stress  level  of  130,  000  psi. 

Figure  6  (b)  shows  the  type  of  test  specimen  used  in  this  series  of  tests. 

Type  C-7  wire  strain  gages  were  bonded  to  all  carburized  specimens.  The 
records  obtained  in  this  series  of  tests  clearly  showed  the  effects  of  the 
depth  of  carburization  on  fracture  strength.  Dr.  Weil  has  evaluated  this 
work  and  has  incorporated  it  in  a  detailed  report  (Confidential). 

3.  Several  pearlitic  malleable  iron  specimens  (this  material  used  in 
the  105mm,  M44Z  shell)  were  taken  to  fracture  in  the  low  millisecond  range. 
In  the  test  record  shown  in  Figure  7  the  peak  load  is  4000  pounds,  equivalent 
to  a  maximum  stress  level  of  81,  600  psi.  This  work  was  requested  after 
the  question  had  been  raised  as  to  whether  this  material  could  possibly 
have  a  varient  dynamic  fracture  strength  or  even  be  stronger  under  static 
loading  conditions.  At  the  present  time  a  program  is  under  way  to  test  40 
specimens  of  this  material  both  statically  and  dynamically.  Test  specimens 
are  being  taken  from  four  different  projectiles  and  both  tensile  and  com¬ 
pressive  tests  will  be  performed. 

4.  It  was  requested  that  a  number  of  shock- screws  be  taken  to  fracture 
in  the  low  millisecond  time  range.  Figure  8  shows  a  particular  type  of 
failure  that  was  encountered  in  these  tests  and  Figure  9(b)  shows  a  typical 
test  record  for  this  item.  The  drawing  of  the  shock-screw  in  Figure  8  was 
made  six  times  actual  size  as  the  screws  overall  length  is  only  11/16  inches. 
This  item  is  part  of  the  fin  assembly  on  an  artillery  round  and  its  function 

is  to  prevent  the  fins  from  opening  prematurely.  As  both  Watertown  Arsenal 
and  Picatinny  Arsenal  manufacture  these  screws,  samples  from  each  in¬ 
stallation  were  included  in  the  test  group.  Of  the  twelve  screws  tested  only 
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one  failed  to  neck  down  before  fracture,  and  it  is  felt  that  the  screw  could 
have  cocked  in  the  holding  device  and  permitted  a  bending  condition  to  ex¬ 
ist.  The  maximum  stress  level  in  this  ease  was  195,  000  psi  and  was  the 
highest  stress  measured  for  the  group.  The  average  maximum  stress  for 
the  Watertown  Arsenal  screws  was  179,  300  psi  and  the  average  for  the 
Pioatinny  Arsenal  screws  turned  out  to  be  179,000  psi. 

5.  A  number  of  shot- start  components  were  fractured  in  the  low  milli¬ 
second  range.  The  function  of  the  shot- start,  shown  in  Figure  6  (c),  is  to 
retain  the  projectile  in  the  cartridge  case  until  the  propellant  gas  pressures 
reach  a  relatively  high  value,  at  which  point  the  shot- start  fractures  and 
the  projectile  takes  off.  A  load  to  fracture  record  for  one  of  these  compon¬ 
ents  is  shown  in  Figure  9  (a).  The  peak  load  was  8,  300  pounds,  equivalent 
to  a  maximum  stress  of  170,000  psi.  The  rise  time  to  this  stress  level 
was  eight  milliseconds.  A  static  fracture  test  was  performed  and  the  peak 
stress  was  found  to  be  171,  800  psi.  These  items  are  manufactured  from 
SAE  4140  steel.  A  second  group  of  these  components,  made  by  a  different 
manufacturer,  are  being  evaluated,  and  preliminary  results  indicate  they 
are  stronger.  One  shot- start  was  loaded  to  8800  pounds  (load  and  hold) 
with  no  fracture  or  apparent  elongation.  A  second  item  fractured  at  a  load 
of  10,  000  pounds,  equivalent  to  a  maximum  stress  of  Z04,  000  psi. 

6.  An  experimental  investigation  which  involves  the  dynamic  loading 
of  small  aluminum  and  steel  beams  is  being  conducted  by  the  Dynamics 
Unit  at  Picatinny  Arsenal.  This  work  is  being  sponsored  by  the  Air  Force, 
with  the  analytical  work  on  this  program  being  assigned  to  a  group  at  the 
Massachusetts  Institute  of  Technology.  The  M.  I.  T.  analysts  have  re¬ 
quested  that  coupons  of  the  three  materials  used  in  the  explosive  loading 
tests  be  fractured  statically  and  at  various  loading  rates.  Figure  6  (a) 
shows  a  typical  coupon  specimen  with  a  foil  type  strain  gage  bonded  at  the 
midpoint  of  the  gage  section.  The  three  metals  to  be  tested  were  (a)  SAE 
1100  steel  (b)  6061- T6  aluminum  (c)  Z0Z4-0  aluminum.  Ten  coupons  of  each 
type  of  alloy  were  prepared  and  instrumented  with  foil  type  strain  gages. 
Figure  9(c)  shows  a  load  and  strain  record  for  one  of  the  6061-T6  aluminum 
specimens.  The  peak  load,  which  was  reached  in  approximately  five  milli¬ 
seconds,  is  3,100  pounds,  which  is  equivalent  to  a  maximum  stress  of 
49,700  psi.  As  only  four  6061-T6  aluminum  specimens  have  been  fractured, 
all  in  the  5-8  millisecond  time  range,  no  data  is  available  at  this  time  for 
noting  rate  effects. 


CONCLUSIONS 


Tin-  high  loading  rub-  testing  machine  described  in  this  paper  has  prov¬ 
en  to  lie  a  very  useful  tool  in  research  tasks  and  in  the  investigations  of 
parts,  components  and  subassemblies  of  various  small  Ordnance  structures. 
This  machine  has  proven  it  can  meet  t In*  specific;  performance  specifica¬ 
tions,  It  lias  been  shown,  using  the  rupture  disk  technique,  that  the  time 
required  to  reach  a  desired  stress  level  can  be  less  than  the  required  five 
milliseconds.  In  one  of  the  shock  screw  fracture  tests  the  peak  stress  was 
reached  in  three  milliseconds. 
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DISCUSSION 

Dr.  A.  G.  II.  Andersen,  Watertown  Arsenal:  I  would  like  to  ask  what  is 
the  actual  fastest  speed  that  you  have? 

Mr.  Roach:  Dr.  Andersen,  two  milliseconds  is  the  best  and  we  hit  that 
once  and  we  have  hit  three  milliseconds  several  times. 

Dr.  Andersen:  You  do  expect  eventually  to  get  down  to  the  millisecond 
range . 

Mr.  Roach:  It  is  two  millisecond  I  am  talking  about. 

Dr.  Andersen:  I  should  say  microsecond  range. 

Mr.  Roach:  No,  this  machine  will  not  go  to  the  microsecond  range.  We 
ask  in  the  specs  that  it  go  down  to  five;  we  hope  for  better  and  with  the 
burst  disc  we  are  down  to  L  and  3  milliseconds. 

Dr.  Andersen:  You  don't  expect  anything  better  than  that? 

Mr.  Roach:  I  think  that  is  all  they  are  going  to  get  out  of  this  machine. 

Dr.  Andersen:  There  seems  to  be  a  stopping  point  for  most  of  these  ma¬ 
chines  that  we  have  heard  about  lately. 

Mr.  Roach:  Right. 

Mr.  Robert  Schwartz.,  Munitions  Command,  Dover,  N.  J.:  Many  years 
ago  we  conducted  a  great  deal  of  dynamic  loading  tests,  perhaps  not  on 
machines  but  I  recall  that  we  had  an  artillery  shell  pretty  well  instrumented 
where  we  got  the  actual  dynamic  stress  under  loading  conditions,  so  we 
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had  pretty  realistic  conditions  as  to  what  is  happening  during  the  maximum 
stress  conditions  when  tiring  in  a  gun.  How  do  these  latest  static  machines 
compare  with  the  realistic  gun  firing  conditions  that  we  are  trying  to  simu¬ 
late  to  get  some  data  for7 

Mr.  R  oaclr.  Well,  the  shell  is  so  designed  that  it  is  assumed  that  the 
stresses  are  of  a  certain  magnitude.  In  the  gun  firing  the  idea  is  to  check 
the  calculated  values.  You  instrument  the  shell  in  the  critical  region  under 
the  rotating  band  and  you  measure  your  deflections  and  the  corresponding 
stresses.  We  have  found  close  agreement  for  the  rotating  band  but  back 
under  the  band  you  have  a  definite  yielding  in  most  cases  and  at  the  present 
time  we  are  studying  the  filler  supporting  effect.  In  other  words  we  have 
slimmed  down  the  artillery  shell;  thinned  the  walls  down  by  a  factor  of 
three  and  waited  for  the  filler  to  start  supporting  it.  The  idea  was  to  in¬ 
troduce  the  filler  into  the  theory  by  letting  the  filler  support  the  walls  that 
are  starting  to  deflect  and  even  if  they  go  a  little  plastic,  it  won't  hurt  any¬ 
thing.  It.  is  a  one  shot  item.  I  don't  know  if  this  answers  your  question 
exactly,  Ilob,  but  what  we  are  trying  to  do  is  to  measure  these  things  under 
actual  firing  conditions,  check  the  designer  out  this  way,  hoping  that  we 
are  helping  him. 

C.  Kropf,  U.  S.  Army  Tank-  Auto  Cmd,  Centerline:  It  was  interesting  to 
note  the  effect  of  the  increased  case  depth  on  the  deterioration  of  the  dynamic 
yield  strength.  I  am  v  i  1  dering  if  any  evaluation  had  been  made  regarding 
the  quality  of  case  depth. 

Mr.  Roach::  Was  this  in  the  work  done  by  Dr.  Wald? 

C'  ,  Kropf:  Yes. 

Mr,  Roach:  He  has  done  a  pretty  thorough  job  of  analyzing  these  records. 

He  was  going  to  speak  here  today  but  his  report  was  confidential  and  that 
knocked  it  out  but  he  would  have  probably  included  some  remarks  on  this 
because  I  know  he  has  done  a  thorough  analysis. 

H.  Cadle,  Springfield  Armory:  1  would  just  like  to  comment  on  the  Q  units 
that  are  used  in  the  dynamic  loading  at.  times.  We  found  that  you  have  to 
be  a  lit.tlc  bit  careful  as  you  get  down  to  frequencies  lower  than  what  you 
have  been  having  so  far.  At  6  KC  the  Q  unit  has  a  3  DB  shift  and  we  found 
that  in.  a  half  a  millisecond  rise  time  we  did  not  get  good  response. 

Mr.  Roach:  It  is  interesting  that  you  mention  this.  We  were  fortunate  in 
having  three  Q  units  and  we  found  one  of  them  was  not  performing  satisfac¬ 
torily  so  we  pushed  it  aside  and  we  checked  the  other  two  out  completely, 
and  we  were  satisfied  with  them. 

Abraham  L.  Dorfman,  Pic  atinriy  Arsenal:  In  response  to  Bob  Schwartz's 
question,  T  think,  Tom,  correct,  me  if  J.  am  wrong,  in  setting  the  specifi¬ 
cations  for  that  piece  of  equipment  the  5  milliseconds  or  better  was  based 
upon  the  actual  results  of  firing  bursts. 


Mr.  Roach:  That  was  the  idea. 

Mr.  Dorfman:  [  think  that  answers  your  question,  Bob.  This  is  the  order 

of  time  that  we  are  experiencing  in  firing. 

Mr.  Roach:  Right,  that  was  it.  , 


A  MEDIUM- SPEED  TENSILE  TESTING  MACHINE  AND  ITS  PERFORMANCE 
IN  TESTING  OF  SOME  ORDNANCE  MATERIALS 
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ABSTRACT 

A  pneumatic:  tensile  tester,  recently  designed  and  built  at  Watertown 
Arsenal  Laboratories,  has  a  load  capacity  of  12,000  pounds  and  an  idling 
*  speed  of  about  100  in.  /sec.  over  a  i-incli  stroke,  at  500  psi  nitrogen  or 

less  than  half  the  allowable  maximum  pressure. 

Loads  and  strains  may  be  recorded  by  oscillographs  or  oscilloscopes. 
t  The  scope:  can  be  triggered  through  an  electric  circuit  by  an  internal,  auto¬ 

matic  poppet  valve  in  the  main  gaspert.  External,  auxiliary  diaphragm 
valves  are  actuated  by  solenoids.  Excess  energy  of  piston  assembly,  after 
a  tensile  rupture,  is  absorbed  through  rapidly  damped  oscillations  between 
two  air  cusions  at  opposite  ends  of  the  cylinder. 

The  machine  is  mounted  on  a  carriage  resting  on  springs  and  Barry- 
mounts  so  that  operation  at  full  load  tr\"sm:ls  negligible  vibrations  to 
the  floor.  Weight  of  machine  and  carnage  is  700  pounds;  base,  600  pounds; 
and  steel  safety  cabinet  900  pounds. 

Short  descriptions  and  a  number  of  illustrations  are  presented  which 
show  typical  actions  of  the  machine  and  results  of  various  tests  recently 
t  performed  on  ordnance  materials. 

INTRODUCTION 

Dynamic  testing  of  mechanical  properties  of  materials  began  in  the  eariy 
*  years  of  this  century  and  has,  in  recent  years,  become  of  increasing  interest 

to  the  U.  S.  Army  Ordnance  Corps.  It  is  interesting  to  note  that  in  1936 
Watertown  Arsenal  constructed  and  applied  one  of  the  early  dynamic  testing 
machines. 

Since  the  advent  of  electric,  resistance  strain  gages  and  oscilloscopes 
in  the  materials  testing  field  the  techniques  of  high-speed  testing  have 
advanced  rapidly.  This  development  has  continued  at  a  fast  pace  since  the 
early  days  of  World  War  II. 

Dynamic  testing  includes  a  large  variety  of  testing  techniques  depending 
mainly  upon  speed,  cycling,  temperature  and  motive  power.  Dynamic  testing 
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equipment,  according  In  its  objectives,  tends  to  be  highly  specialized.  Al¬ 
though  a  number  of  machines  of  different  designs  have  been  developed,  for 
medium- speed  testing,  few  of  these  are  commercially  available.  Probably 
no  generally  preferred  type  of  medium- speed  machine  exists  today,  although 
piston-type  machines  actuated  by  inert  gas,  seem  to  predominate  in  current 
usage  m  the  loading  rate  range  pertaining  to  much  ordnance  materials  testing. 

Characteristic  features  of  dynamic  testing  apparatus  generally,  are 
the  ranges  of  rates  ot  loading  and  straining.  With  reference  to  rates  of 
straining,  three  distinctive  groups  of  equipment  are  recognized: 

1,  The  Hopkinson  bar  type  of  testing  for  studying  the  truly  high-speed 
dynamic  reactions  of  metals  -  the  elastic  and  plastic  wave  phenomena. 

L.  The  high-speed  tensile  testing  machines,  operating  at  strain  rates 
from  roughly  10  per  second  to  1000  per  second  and  higher. 

3.  The  medium-speed  tensile  testing  machines,  operating  in  the  range 
of  0.  01  per  second  to  100  per  second. 

While  it  is  customary  to  state  the  strain  rate  ranges  obtainable  with  specific 
dynamic  tensile  testing  equipment,  the  strain  rates  themselves  are  not  char¬ 
acteristics  solely  of  the  equipment. 

With  dynamic  testing  equipment  that  transforms  a  negligible  proportion 
of  the  applied  kinetic  energy  into  strain  energy,  the  strain  rates  are  definite 
characteristics.  This  is  not  usually  the  case  with  piston  driven  machines 
arranged  to  start  the  straining  of  specimens  from  rest.  In  these  machines, 
the  rates  of  strain  attainable,  depend  upon  properties  of  the  specimens  as 
well  as  on  the  loading  rates.  Maximum  load  and  loading  rate  rather  than 
strain  rate  characterize  any  of  these  machines. 

Various  means  are  used  for  driving  the  tensile  testing  machines.  The 
fastest  machines  are  piston-type  machines  driven  by  explosive  charges,  im¬ 
parting  strain  rates  claimed  to  reach  <13,000  per  second.^  Rotary  drum-type 
machines  have  produced  strain  rates  up  to  1000  per  second.  Pendulum  im¬ 
pact  machines  have  been  reported  to  operate  at  130  per  second.  Piston-driven, 
pneumatic  and  hydraulic  machines  usually  are  limited  to  ranges  below  100 
per  second. 

GENERAL  CHARACTERISTICS  OF  THE  TESTING  MACHINE 


The  Fast-Acting  Tensile  Tester,  designed  and  built  at  Watertown 
Arsenal,  has  components  arranged  essentially  similar  to  those  of  the  ordi¬ 
nary  hydraulic  tensile  testing  machines  by  which  a  piston,  connected  to  the 


upper  crosshead,  is  made  to  strain  the  specimen.  However,  this  machine 
utilizes  high-pressure  gas  for  driving  power.  A  diagram  of  the  machine  is 
shown  in  Figure  1. 

Power  is  supplied  according  to  a  principle  commonly  used  for  dynamic 
piston-driven  testing  machines  in  that  the  piston  is  held  stationary  by  balanced 
pressures  on  its  two  sides  and  made  to  move  by  unbalancing  the  pressures. 

The  load  capacity  of  the  machine  is  1 Z ,  000  pounds  in  tension  between  cross¬ 
heads.  With  specimens  secured  tightly  in  the  grips,  loading  rates  of  5KLb 
per  millisecond  have  been  achieved  during  rise  times  of  2  m  sec.  more 
commonly,  rise  times  of  3  to  8  milliseconds  at  loading  rates  of  1  to  2  KLb 
per  milliseconds  have  been  employed.  The  strain  rates  obtained  on  high 
strength,  low  modulus  alloys  with  these  loading  rates  were  between  2  and  7 
in.  /in.  per  second.  These  rates  can  be  considerably  increased  when  slack 
is  allowed  to  occur  between  the  crosshead  and  the  specimen  grips,  thereby 
causing  the  moving  components  to  acquire  kinetic  energy  before  engaging 
the  specimen. 

Load,  strain  and  crosshead  travel  data  can  be  photographically  re- 
croded  on  an  oscilloscope,  triggered  thrc  ugh  an  electric  circuit  by  an  in¬ 
ternal  automatic  poppet  valve  in  the  main  gasport.  External  valves  actuated 
by  solenoids  provide  convenient  control  of  the  gas  flow  through  the  machine. 
The  machine  is  mounted  on  a  carriage  flexibly  supported  by  springs  on  a 
heavy  base  resting  on  Barrymounts  so  that  operation  at  full  load  transmits 
negligible  vibratioas  to  the  floor.  Surplus  energy  of  the  moving  components 
is  absorbed  by  rapidly  damped  oscillations  of  the  piston  assembly  between 
two  air  cushions  forming  at  the  extreme  ends  of  the  cylinder. 

DESCRIPTION  CF  THE  MACHINE 

Assembly 

The  machine  consists  of  a  cylindrical  stanchion  containing  all  mobile 
components  excepting  supports,  a  base,  a  mounting  platform,  tie  rods,  and 
a  beam  for  securing  the  stanchion  to  the  platform  (Figure  2)  and  electric 
controls. 

The  stanchion  assembly  (Figure  3),  consists  of  a  cylinder  with  a  pis¬ 
ton  in  its  lower  end,  a  frame  terminating  in  a  cap  in  its  upper  end,  (2,  Fig¬ 
ure  3)  and  near  its  middle  the  lower  platen  (x-5,  Figure  3).  The  cylinder 
has  eight  gasports  interconnected  by  four  vertical  passages  shown  in  (Figure 
3,  F-l,  F-2,  F- 3). 
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Figure  I.  DIAGRAM  OF  THE  FAST-ACTING  TENSILE  TESTER 
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The  piston  is  provided  with  a  connecting  rod  (4  A,  Figure  i)  having  a  bore; 
into  which  is  fitted  a  spring  with  guide  rod  (4D,  Figure  3.  )  This  bore  also 
contains,  slidingly,  the  stern  of  the  poppet  valve  head  (dE,  Figure  5).  The 
piston  rod  passes  through  a  bushing  in  the  cylinder  head  and  is  connected  to 
a  circular  table  carrying  two  posts  (2,  Figure  3)  terminating  in  the  upper 
platen,  (2-E.  Figure-  i).  The  posts  pass  freely  through  slots  in  the  lower 
platen.  The  platens  e.urry  accurately  aligned  ball  and  socket  joints  (2B, 

Figure  1)  with  stems  to  receive  the:  specimen  holders,  (21,  Figure  3). 

At.  the  lower  end  of  the  stanchion,  the  cylinder  is  closed  by  a  block 
and  sealing  rings  shown  in.  (5,  Figure  3;.  'Through  the  block  runs  a  1-inch 
diameter  bore-  te. -initiating  in  the  c  l;-ct  rie.allv  insulated  valve  seat  (5c,  Figure 

The  stanchion  rests  on  a  platfo-m  of  structural  steel  (18,  Figure  2) 
and  is  secured  thereto  by  two  tie  rods  and  a  girder  (dl  and  40,  Figure  2). 

The  platform  rests  on  springs  carried  by  the  base  (14,  Figure  2)  and  guided 
by  four  posts  (16,  Figure  2)  which  extend  from  the  base  through  holes  in  the 
platform.  Springs  are  similarly  provided  above  the  platform,  and  are  held 
in  place,  by  the  railing  (24,  Figure  2)  attached  to  the  posts. 

As  a  safety  measure,  the  cylinder  is  covered  by  a  1/4-inch  steel  shell. 
All  parts  of  the  maclnru  below  the  top  level  of  the  cylinder  are  located  with¬ 
in  a  steel  plate  cabinet  whose  topside  deck  forms  the  work  table  of  the  ma¬ 
chine.  The  plates  arc  of  various  gages,  from  1/8  to  1/4  inches,  according 
tc  safety  considerations.  The  base  and  carriage  are  welded  structures  of 
steel  plate  and  channels,  as  can  be  seen  in  Figure  2.  The  railing  and  spring- 
stops,  visible  above  the  carriage,  are  welded  aluminum  tubes. 

The  piston,  shown  in  Figure  3,  is  aluminum  alloy  7P7  5-T6  except  for 
the  steel  bushing  in  its  topside.  The  yoke  is  of  titanium  alloy  6A1-4V  (120,000 
psi  Y.S.  )  and  weighs  25  pounds.  If  it-  were  made  of  steel  of  the  same  strength, 
its  weight  would  amount  to  42  pounds.  However,  the  higher  rigidity  of  steel 
could  possibly  be  beneficial. 

Specimen  Holders 

Grips  are  provided  for  round  specimens  and  for  two  types  of  flat  test 
pieces,  viz.,  with  and  without  pin  holes,  respectively.  An  adjustable  com¬ 
pression  head  and  pressure  transducer  are  available.  When  used,  these 
are  mounted  between  the  lower  platen  and  the  movable  table.  Buffers  tipped 
with  rubber  are  provided  for  use  with  the  pressure-head,  in  order  to  stop 
the  table  and  piston  assembly  from  appreciable  motion  in  case  a  specimen 
should  collapse. 
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gure  4.  FUNCTIONAL  DIAGRAM 


Provision  has  also  boon  made  for  hydrodynamic  testing,  intensifier s, 
with  pressure  manifolds  for  pressure  gages  and  tubular  specimens  are 
available,  but  have  not  yet  been  put  to  use. 

Dimensions  and  Weights 

The  net  floor  space  required  is  45.  3  x  47.  5  inches,  not  including  the 
space  required  by  the  9-inch  diameter  nitrogen  cylinders.  The  height  to 
the  work  table  is  41  inches  and  the  over-all  height  of  the  machine  is  75.  5 


inches. 

Weight  of  Components  Pounds 


(1)  Piston  and  Yoke  Assembly  with  Transducers  36 

(2)  Testing  Machine.,  less  (1)  262 

(3)  Testing  Machine  Proper  (net)  298 

(4j  Carriage,  including  Overhead  Girder  and  Tie  Rods  402 

(5)  "Floating  Unit  (3)  and  (4)  700 

(6)  Base  with  Attached  Accessories  600 

(7)  Net  Weight,  without  Steel  Cabinet  1300 

(8)  Steel  Cabinet  400 

(9)  Total  Floor  Weight  1700 


OPERATION  OF  THE  TESTING  MACHINE 


Activated  by  high-pressure  gas,  the  piston  complex  (Item  1  above 
listed)  will  be  impelled  upwards  and  the  cylinder  will  recoil.  In  order  to 
take  this  downward  thrust,  the  cylinder  is  attached  to  a  carriage  which 
rests  on  springs  fixed  to  a  heavy  base.  The  piston  complex  may,  after  the 
specimen  is  broker,  posses  high  kinetic  energy.  Its  motion  can  be  stopped 
and  reversed  by  a  cushion  of  trapped  gas  in  the  cylinder  head  and  this  action 
impels  the  machine  and  carriage  upwards.  Hence,  springs  are  provided 
above  the  carriage  to  take  its  upward  thrust.  The  carriage  thus  "floats" 
between  two  sets  of  springs  held  in  position  by  sturdy  rods  that  pass  with 
loose  fit  through  holes  in  the  carriage.  Therefore,  these  are  secured  in 
position  between  the  carriage  and  an  overhead  girder  by  means  of  two  tie 
rods.  This  arrangement  is  illustrated  by  Figure  2. 

A  sectional  view  is  shown  by  Figure  3  from  which  the  functioning  of 
the.  machine  may  be  understood.  Dry  nitrogen  gas  is  lead  into  the  cylindri¬ 
cal  space  beneath  the  poppet  valve  head,  designated  as  41  in  Figure  3.  This 
chamber  is  connected  through  a  valve  to  an  accumulator,  shown  in  Figures 
4  and  5,  which  can  be  safely  charged  with  nitrogen  up  to  1200  psi. 

Ordinarily,  only  a  small  pressure  under  the  valve  head  would  be  re¬ 
quired  to  lift  the  piston  assembly  enough  to  let  the  high-pressure  gas  es¬ 
cape  past,  the  valve  into  the.  space  under  the  cylinder  and  thereby  impel  the 


piston  upw.i  rit.  I  luwrvf  r,  tin*  s  1 1  ^  i  1 1  mot  ion  ol  tin*  puppet  valve  head  re- 
(pii  rod  to  initiate  this  event,  is  prevented  by  the  admittunc  e  of  low-pressure 
air  through  channels  (  iFI  m  Figure  i)  into  the  space  between  the  cylinder 
head  .md  the  piston's  upper  lace.  1  he  ratio  of  the  areas  of  the  piston  face 
and  the  valve  opening  is  d():l,  so  that  an  air  pressure  1/dU  the  nitrogen  pres¬ 
sure  is  needed  to  balance  the  ton  es  on  the  valve  and  piston.  With  a  some¬ 
what  higher  ratio  of  air  pressure  to  nitrogen  pressure,  say  1  / 1 S ,  the  valve 
will  remain  securely  seated.  The  1:19  force  seating  the  valve  may  be  aug¬ 
mented  by  putting  the  specimen  under  more  or  less  initial  tension. 

In  time,  however,  wear  and  tear  will  cause  gas  to  leak  past  the  pop¬ 
pet  valve.  Therefore,  arrangement  has  been  made  to  vent  the  space  under 
the  piston,  above  the  valve,  to  the  atmosphere  through  the  fitting  5K,  Fig¬ 
ure  3,  and  a  three-way  valve  connected  thereto. 

Upon  "striking,"  the  accumulator  valve  (A,  Figure  4;  D-998,  Figure  5) 
opens,  the  air  pressure  above  the  piston  is  dumped  through  the  dump  valve 
(B,  Figure  -1;  C-1949,  Figure  9). 

Thus,  with  the  dump  valve  and  the  accumulator  valves  open,  the  force 
under  the  puppet  valve  increases  and  the  force  on  the  cylinder  top  decreases 
until  the  former  exceeds  the  latter.  With  a  tight  specimen,  the  resisting 
force  of  the  specimen  may  prevent  the  poppet  valve  from  opening.  Positive 
action  is  nevertheless  assured,  for  now  the  vent  of  the  three-way  valve  is 
automatically  closed  and  a  small  stream  of  high  pressure  gas  is  let  in  un¬ 
der  the  piston,  through  this  valve.  The  entrance  of  this  gas  causes  the 
piston  to  move  up  slightly.  The  poppet  valve  stem  which  slides  in  the  pis¬ 
ton  rod  is  depressed  by  a  slight  spring  pressure  (see  Figure  3),  but  pressed 
upwards  by  the  difference  in  pressure  acting  on  the  upper  and  lower  faces  of 
the  poppet  valve  head.  The  latter  pressure  exceeds  the  former  and  the  pop¬ 
pet  valve  head  moves  up  in  unison  with  the  cylinder,  thus  initiating  admis¬ 
sion  of  the  main  stream  of  high  pressure  gas  through  the  poppet  valve  open¬ 
ing. 


Now,  the  piston  assembly  with  the  poppet  valve  assembly  retracted  as 
shown  in  Figure  6  moves  upward  impelled  by  the  gas  pressure,  until  it 
reaches  the  portholes  3F1  and  3FZ,  Figure  3,  and  moves  toward  their  upper 
edges.  Communication  is  thereby  established  between  the  accumulator  and 
the  surge  tank  (shown  in  Figures  4  and  9)  so  that  their  pressures  tend  to 
equalize.  Moving  past  the  portholes,  the  piston  traps  and  compresses  the 
gas  in  the  upper  portion  of  the  cylinder  forming  thus  a  spring  cushion  that 
reverses  the  direction  of  motion  of  the  piston.  The  entrapped  gas  reaches 
a  higher  pressure  than  that  in  the  system  generally  and,  through  a  channel 
in  the  piston  rod,  (104,  Figure  6)  it  transmits  pressure  to  the  top  surface 
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of  tlu*  poppet  valve  stem.  This  pressure,  aided  soinewli.it  by  the  spring 
(•113  of  Figure  5),  overcomes  the  inertial  force  between  the  poppet  valve 
head  and  the  piston,  causing  the  poppet  valve  assembly  to  move  downward 
to  its  extended  position  ahead  of  the  piston  as  shown  in  Figure  7.  The  parts 
are  proportioned  so  that  the  valve  head  becomes  seated  when  the  piston's 
lower  lace  passes  the  portholes  (1FZ  of  Figure  1).  The  gas  entrapped  be¬ 
tween  the  piston  and  the  closure  (6  ol  Figure  i)  aided  by  the  spring  (4D  of 
Figure  1)  keeps  the  valve  closed  and  the  compressed  gas,  acting  as  a  spring 
cushion,  finally  reverses  the  motion  of  the  piston,  completing  the  first 
cycle  during  the  upstroke  of  which  the  specimen  L J  was  ruptured. 

A  second  cycle  commences  without  active  pressure  in  the  accumulator 
and  is  followed  by  additional  cycling  until  the  energy  of  the  system  is  re¬ 
duced  to  zero.  The  damping  process  may  be  influenced  by  releasing  more 
or  less  gas  through  the  surge  tank  valve  to  the  atmosphere. 

LOAD  AND  STRAIN  GAGES 


The  specimen  to  be  tested  (ZJ,  Figure  3)  is  attached  through  tubular 
adapters  (ZH,  Figure  3)  to  ball  and  socket  joints  in  the  crossheads.  One 
adapter  also  serves  as  load  transducer  and  is  supplied  with  four  SR-4  gages 
connected  to  form  a  complete  bridge  i  urcuit.  Small  strains  are  measured 
by  SR-4  gages  attached  to  the  specimen.  Crosshead  travel  can  be  measured 
by  means  of  a  linear  potentiometer  gage  or  a  differential  transformer  gage, 
attached  to  the  frame,  and  actuated  through  a  wiper  and  rod  attached  to  the 
uppe r  crosshead. 

The  outputs  of  the  gages  are  fed  into  an  oscilloscope  triggered  by  a 
battery  current  through  the  poppet  valve  head  and  the  electrically  insulated 
valve  seat.  When  the  valve  head  raises  from  the  seat,  it  acts  as  a  switch, 
breaking  the  circuit,  thereby  energizing  a  thyratron  which  triggers  the 
scope . 

THE  PNEUMATIC  SYSTEM 

A  functional  diagram  is  shown  schematically  in  Figure  4  and  a  ’  ivout 
of  the  high  pressure  lines  in  Figure  5.  All  pressure  lines,  leading  to  and 
from  the  cylinder  mounted  on  the  floating  carriage,  are  flexible,  extra¬ 
strong  braid  tubing.  All  other  high-pressure  lines  are  extra-strong  steel 
pipe  and  fittings.  The  high-pressure  valves  are  rated  at  6000  psi  hydraulic 
pressure  but  it  is  recommended  that  their  use  be  limited  to  1500  psi  gas 
pressure.  The  positions  of  the  valves  can  be  seen  in  Figure  5.  For  the 
sake  of  convenience,  the  operating  valves  are  electrically  actuated  from  a 
central  switchboard. 


Refe  rrmg  to  Figure  'I,  low-pressure  air  is  charged  into  the  cylinder 
head  from  a  100  psi  air  main.  The  air  passes  through  a  cleaner-pressure 
regulator  unit  before  it  is  admitted  to  the  cylinder  through  a  l/4-inch  pipe 
and  solenoid  valve.  This  air  line  contains  a  check  valve,  a  blow-off  valve 
and  a  pressure  gage  (shown  in  Figure  4). 

The  nitrogen  gas  is  supplied  from  a  commercial  tank  provided  with  a 
gage  and  regulator.  It  is  charged  into  the  accumulator  through  a  1/4-inch 
pipe  by  means  of  high-pressure  solenoid  valve  and  this  line  also  contains 
a  check  valve,  blow-off  valve  and  pressure  gage.  When  charging,  the  ac¬ 
cumulator  valve  A  may  be  kept  open  and  gas  at  any  pressure  up  to  about 
400  psi  introduced  in  the  space  under  the  poppet  valve  head.  Valve  A  is 
then  closed  while  the  accumulator  is  being  charged  to  any  desired  higher 
pressure,  up  to  1Z00  psi.  The  900  psi  limit,  stated  above,  is  determined 
from  experience  as  the  pressure  at  which  the  poppet  valve  might  open  pre¬ 
maturely. 

The  quantity  of  gas  thus  charged  remains  in  the  accumulator  until  re¬ 
leased  through  the  diaphragm  valve  A  and  the  1-inch  flexible  tubing  leading 
to  the  space  under  the  poppet  valve. 

At  the  instant  of  striking,  the  air  above  the  piston  in  the  cylinder  head 
is  dumped  through  the  1/Z-inch  valve  B  into  the  surge  tank  and  then  through 
a  throttling  valve  and  exhaust  muffler  to  the  atmosphere.  The  three-way 
valve,  already  referred  to,  which,  before  striking,  vents  the  space  in  the 
cylinder  under  the  piston  and,  during  striking,  injects  high-pressure  gas 
.nto  this  space,  is  a  1/Z-inch  diaphragm  valve  designated  C,  in  Figure  4. 

The  vent  line  from  valve  C  contains  a  safety  valve  and  also  a  1/8-inch  sole¬ 
noid  valve  E  used  only  when  prestressing  a  specimen.  The  valve  D  is  a 
1/Z-inch  valve  which  is  used  mainly  for  quick  pressure  release  when  called 
for.  All  valves  are  normally  closed  and  will  open  and  remain  open  only 
when  energized.  The  three  diaphragm  valves  are  actuated  by  low-pressure 
air  from  the  main.  The  auxiliary  air  line  leads  through  a  cleane r- regulator 
unit  into  three  1/4-inch  branch  lines.  Each  branch  contains  a  solenoid  pi¬ 
lot  valve  which,  upon  opening,  supplies  air  at  38  psi  to  activate  its  master 
diaphragm  valve.  It  should  be  noted  that  valves  A,  B  and  C  are  compara¬ 
tively  slow  acting.  The  fast  action  of  the  machine  depends  upon  the  poppet 
valve  which  functions  suddenly,  only  after  the  slower  valves  have  passed 
gases  enough  to  create  excess  pressure  under  the  piston.  Thereafter, 
these  valves  sustain  the  pressure  difference.  Adequate  functioning  of  the 
machine  requires  that  all  joints  in  the  pneumatic  system  are  tight. 

Figure  8  illustrates  the  main  seal  arranged  according  to  P.  W.  Bridgman' 
principle  of  the  unsupported  area.  The  figure  also  shows  the  seals  required 
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for  the  insulated  valve  seat  and  its  electric  lead  wire,  likewise  according 
to  Bridgman.  The  bushing  for  the  piston  rod  is  provided  with  a  rod  seal 
and  the  piston  contains  two  piston  seals  as  shown  in  Figure  3. 

SWITCHING  SEQUENCES 

The  electric  wires  from  the  solenoids  are  brought  into  a  switch  box 
situated  on  the  deck  of  the  machine.  The  solenoids  on  the  charging  valves, 
S-4  and  S-5,  are  connected  to  individual  switches  on  the  panel  of  the  switch 
box.  All  three  solenoids.  S-l,  S-2,  and  S-3,  in  the  auxiliary  air  lines  that 
operate  the  diaphragm  valves  are  wired  to  a  compound,  rotary  switch  as 
well  as  to  push  buttons  on  the  switch  box  panel.  There  is  also  a  main  power 
push  button  switch. 

By  turning  the  knob,  with  the  power  supply  off,  the  rotary  switch  may 
be  set  at  position  II  at  which  all  solenoid  circuits,  except  D,  are  closed. 
Closing  the  power  supply  switch  thereupon  energizes  the  solenoids  and  opens 
the  valves.  The  switching  schedule  is  shown  in  Figure  9. 

Valve  A  opens  and  admits  high-pressure  nitrogen  under  the  poppet 
valve.  Simultaneously,  both  the  valves  B  and  C  open.  With  these  valves 
open,  as  already  described,  the  air  in  the  cylinder  head  is  vented,  the  gas 
vent  from  the  cylinder  bottom  closes  and  high-pressure  ^as  enters  under 
the  piston  driving  it,  and  the  yoke  to  which  it  is  attached,  upward.  A  pre¬ 
load  can  be  put  on  a  specimen  by  tightening  the  grip  adapter  and  by  pre¬ 
charging  gas  directly  under  the  piston  by  manipulating  the  auxiliary  switch 
la  which  controls  valves  C  and  E.  When  it  is  desired  to  dump  the  pressure 
above  the  Valve  A  in  order  to  limit  the  duration  of  a  pressure  impulse,  the 
rotary  switch  setting  will  proceed  as  from  position  II  to  III,  thereby  closing 
A  and  C  while  opening  D.  Experience  shows  that  for  short  impulses  this 
operation  requires  an  electronic  timing  device,  which  presently  is  under 
study. 

Various  loading  rates  may  be  obtained  by  varying  the  pressures  and 
judiciously  operating  the  switches.  More  direct  means  for  control  of  speed 
are,  however,  being  studied. 

TESTS  ON  DAMPING  AND  ON  VIBRATIONS  OF  THE  MACHINE 

By  use  of  the  machine  for  tensile  and  for  compressive  testing,  the 
lower  platen  is  struck  by  a  force  reacting  to  the  load  on  the  specimen. 

When  a  specimen  is  to  be  struck  without  being  fractured  as  is  often  the 
case  in  compression  and  in  multiple  blow  tensile  testing,  the  piston  com¬ 
plex  immediately  comes  to  a  stop  while  the  energy  employed  is  dissipated 


NO  V-  DENOTES  OPEN  CIRCUIT 


through  the  specimen  anti  machine. 


But,  when  rupture  occurs  in  tension  of  specimens  having  high  strength 
and  low  ductility,  the  piston  may  travel  an  additional  3/4-inch  or  so  under 
high  gas  pressure  andthus  acquire  say,  250  Ft.  Lb.  of  kinetic  energy.  This 
energy  could  deliver  a  disturbingly  severe  blow  to  vital  components,  if  it 
were  not  dissipated  gradually.  This  is  done,  as  already  explained,  by 
rapidly  damped  oscillations  of  the  piston  complex.  Figure  10  illustrates 
this  by  photographic  oscilloscope  traces  of  piston  travel  versus  time;  these 
were  obtained  while  running  the  machine  without  a  specimen  in  the  grips. 

The  maximum  speed  shown  here  is  25  Ft.  per  second  corresponding  to  a 
kinetic  energy,  1/2  m  v  -  250  Ft  Lb. 

The  vibrations  which  occurred  under  similar  circumstances  were  reg¬ 
istered  by  an  accelerometer  attached  to  the  stanchion  and  recorded  as  os¬ 
cilloscope  traces  of  acceleration  versus  time.  These  are  illustrated  by 
Figure  11.  The  recorded  maximum  is  5G's. 

In  Figure  12  are  shown  the  traces  of  vibrations  occurring  during  com¬ 
pression  testing  of  a  plastic  specimen.  In  this  case  the  accelerometer  was 
affixed  to  the  frame  well  above  the  lower  platen.  The  maximum  accelera¬ 
tion  shown  here  is  6  G's. 

Some  materials  will  collapse  during  compression;  in  such  an  event, 
the  piston  complex  must  immediately  be  prevented  from  proceeding  under 
pressure  and  gaining  excessive  momentum.  This  is  done  by  placing  suit¬ 
able  buffers  adjacent  to  the  pressure  head.  These,  in  suddenly  stopping  the 
motion  transmit  the  force  acting  on  the  piston  through  the  lower  platen  to 
the  frame.  Severe  vibrations  in  the  machine  may  arise  therefrom.  Some 
oscilloscope  traces  of  such  vibrations  may  be  seen  in  Figure  13  to  reach 
18G's.  Such,  rather  excessive,  accelerations  are  preventably  by  use  of 
suitable  buffers  and  careful  avoidance  of  higher  loads  than  necessary  for 
the  purpose  at  hand. 

SOME  DYNAMIC  TESTING  OF  MATERIALS  AT  WATERTOWN  ARSENAL 
LABORATORIES 


The  Fast-Acting  Tensile  Tester  has  been  used  on  Research  and  devel¬ 
opment  projects  for  tensile  testing  of  alloys  at  temperatures  ranging  from 
-65°F  to  +  170°F  ;  multiple  blow  tests  have  been  made  on  notched  specimens 
at  room  temperature;  compression  tests  on  metallic  and  on  plastic  speci¬ 
mens  at  room  temperature  have  also  been  done. 
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Figure  12.  OSCILLOSCOPE  TRACES  OF  VIBRATIONS 
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Typical  traces  ol  tensile  load  and  strain  versus  turn:  m  a  uranium 
alloy  can  be  seen  in  Figure  11;  a  shows  strain  as  in/m,  while  b  shows  cruss- 
head  dist. un  o;  two  si  upcs  wo  it  used  in  tandem.  This  distance  can  often 
ho  used  to  calculate  an  approximate  strain  before  maximum  load  is  reached, 
taking  into  consideration  that  the  total  extension  of  the  whole  specimen  is 
involved.  fins,  o!  course,  contrasts  with  the  strain  measured  over  a  0.  25- 
inch  length  at  the  middle  of  the  specimen  as  shown  in  a.  It  is  noted  in  b 
that  the  crosshead  speed  is  nearly  uniform  until  after  maximum  load  has 
been  reached;  this  indicates  that  the  speed  is  virtually  unchanged  during 
general  and  local  extension  of  the  specimen.  Consequently,  the  true  strain 
takes  off  at  the  very  high  rate  observable  in  a  during  localized  extension. 

It  is  not  until  the  specimen,  in  breaking,  releases  its  load,  that  the  cross¬ 
head  speeds  up;  this  is  quite  apparent  in  b.  Sometimes  a  specimen  will 
break  while  the  load  is  on  the  increase;  this  is  shown  for  a  notched  speci¬ 
men  in  Figure  IS.  The  hash  seen  on  the  load  baselines  indicates  shaking 
of  the  transducer  as  its  load  is  abruptly  released  during  fracture  of  the 
specimen. 

Figure  16  is  another  instance  of  using  two  scopes  in  tandem.  The  pic¬ 
ture  at  the  left  shows  that  the  strain  gage  failed  at  0.  85%  strain.  To  the 
right  the  LDT  trace  shows  how  the  piston  complex  is  momentarily  retarded 
near  the  maximum  load  and  accelerates  at  fracture.  The  gap  in  the  trace 
indicates  merely  that  the  active  core  went  beyond  the  cylinder  of  the  LDT. 

The  low  load  trace  after  fracture  indicates  that  the  base  line  was  set  at  a 
small  preload. 

In  order  to  obtain  stress-strain  curves  from  the  load- strain-time  dia¬ 
grams,  the  films  were  put  into  a  photoenlarger  and  the  traces  projected  on¬ 
to  suitable  coordinate  paper  so  that  they  could  be  traced  off  in  pencil.  The 
coordinates  were  supplied  with  scalars  representing  stress  and  strain. 

From  these  diagrams  crossplots  of  stress  versus  strain  were  finally  made. 

An  example  of  this  from  the  trace  in  Figure  14a  is  given  in  Figure  17.  This 
process  is  rather  cumbersome. 

When  no  especial  interest  is  attached  to  individual  variations  of  stress 
and  strain  with  time,  x-y  records  of  stress  versus  strain  can  be  made.  A 
comparison  of  the  two  types  of  records  are  shown  in  Figure  18a  and  b,  which 
were  obtained  on  a  uranium  alloy,  at  -6S°F,  using  two  scopes  in  tandem. 
Figure  18£  and  d  show  stre ss- strain  traces  supplied  with  timing  indications; 
the  specimens  were  cut  from  the  uranium  alloy  and  were  tested  at  72°F  and 
-20°F,  re  spectively. 

Examples  of  repeated  tensile  loading  tests  are  shown  in  Figure  19  which 
gives  traces  of  load  versus  time  taken  on  notched  specimens  of  titanium  alloy. 
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STRAIN  RATES,  MIN-1 

Figure  21.  STRENGTHS  VERSUS  STRAIN  RATES,  70  F 


Hi  1 1 lieconds 


Hi  1 1  iseconds 


1 


Figure  23.  STRESS  STRAIN  CURVES,  COMPRESSION,  DYNAMIC 
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Figure  2Y.  STRESS  STRAIN  CURVES,  COMPRESSION,  STATIC 
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It  t  ,„|  |„  M-.  i)  Ir.mi  Figure  20  lh.it  t hi-  immbcr  of  strikes  (cycles)  required 
to  1) leak  the  specimens  me  reused  from  1  .it  240  KSI  to  126  at  161  KSI. 

Another  example  of  the  kind  of  information  obtained  is  given  in  Figure 
21.  This  shows  how  the  strength  of  a  uranium  alloy  at  room  temperature 
increased  as  the  strain  rates  were  increased,  both  on  smooth  and  on  notched 
specimens.  Similar  graphs  for  -20°F  and  -6SUF  show  quite  different  vari¬ 
ations  and  taken  together  these  graphs  give  important  information  of  the  ef- 
fect  of  note  lies  and  stress  concentration  on  the  over-all  load  carrying  abil¬ 
ity  of  alloys.  Lack  of  space  permits  no  further  discussion  of  this,  but  ref¬ 
erence  is  made  to  (T-S096  Aft  Joint,  Sections  III,  V,  VIII,  WAL  June  1962.) 
A  number  of  compression  tests  have  been  made  on  the  uranium  alloy  and  on 
various  plastics  materials.  Examples  of  the  traces  obtained  are  given  in 
Figure  22  which  represents  the  alloy.  The  dynamic  stress- strain  diagrams 
obtained  from  Figure  22c  and  d  are  shown  in  Figure  23,  and  the  correspond¬ 
ing  quasi-static  stress-strain  curve  is  shown  in  Figure  24. 

The  examples  with  illustrations,  given  above  will  indicate  the  working 
and  capability  of  our  Fast-Acting  Tensile  Tester  to  accomplish  one  phase 
of  the  investigation  of  dynamic  properties  of  materials  at  Watertown  Arsenal 
Labo  ratorie  s . 
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DISCUSSION 


Questioner:  How  much  does  this  machine  cost? 

Dr.  Andersen:  That  is  an  engineering  question.  As  you  know,  an  engin¬ 
eer  is  a  person  who  can  produce  a  machine  at  lower  cost  than  his  compet¬ 
itors.  I  should  say  that  this  machine  has  been  used  for  many  purposes. 

It  is  not  only  the  building  of  the  machine  that  figures  in  the  cost  but  all  the 
little  side  issues  we  have  been  able  to  do  and  frankly,  they  have  never 
shown  me  the  cost  of  these  items.  I  don't  think  they  would  be  excessive 
but  to  answer  your  question,  I  do  believe  you  could  build  this  machine  for 
$20,  000. 


A  NEW  CONCEPT  FOR  STU  DYING  PRESSURE  VESSEL  CONFIGURATIONS 
UNDER  HIGH  PRESSURES  AND  LOADING  RATES 

T.  E.  Davidson' and  D,  P.  Kendall  ' 


ABSTRAC T 


This  paper  discusses  the  design  and  operation  of  a  newly  developed 
testing  system  for  hydr odynamically  producing  pressures  up  to  SO,  000  psi 
in  full  scale  pressure  vessel  configurations.  Rise  times  of  3  milliseconds 
can  be  obtained  in  large  vessels  and  considerably  shorter  rise  times  are 
possible  in  smaller  vessels. 

Two  existing  systems  are  described  and  an  analytical  method  of  de¬ 
termining  the  pressure- time  response  for  any  similar  system  is  presented. 
Several  experimental  pressure-time  curves  arc  shown  and  compared  with 
the  computed  curves. 

The  possibility  of  using  such  a  system  as  a  basis  for  a  high  strain 
rate  tensile  testing  machine  is  discussed. 


LIST  OF  SYMBOLS 

M  -  mass  of  fluid,  lb  mass 
V  =  volume,  cu  in. 

L  -  length  of  each  feed  pipe,  in. 

A  -  cross  sectional  area,  sq  in. 

P  =  pressure,  psi 

d  -  average  weight  density  of  fluid,  lb  per  cu  in. 
f  -  mass  density  of  fluid,  lb  mass  per  cu  in. 
j3g  -  mass  density  at  zero  pressure 
f  -  friction  factor 
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velocity  ol  it:  pipe.  •.!!.  per  set 

-  inside  diameter  oi  pipe,  m. 

=  constant,  cu  m.  per  psi 

L  L 

-  velocity  loss  coe  the  lent,  psi  sec.  per  in. 


-  acceleration  due  to  gravity,  in.  per  se 
'  time  from  opening  oi  teed  valve,  sec 

-  compressibility  o!  l'ln id,  sq  in.  per  lb 
(  ) s  -  specimen 

(  )v  =  valve 
(  )a  -  accumulator 
(  )p  =  pipes 
(  )o  =  initial  condition 


INTRODUCTION 

It  is  often  desirable,  and  n  some  cases  necessary,  to  evaluate  design 
parameters,  study  materials,  and  determine  the  operational  characteristics  of 
components  in  the  laboratory  under  simulated  service  conditions.  The  desir¬ 
ability  of  such  a  procedure  increases  with  the  complexity  of  the  component  and/ 
or  the  extremeness  of  the  service  conditions  where  accurate  theoretical  solu¬ 
tions  are  impractical.  This  report  discusses  the  design  and  functioning  of  a 
hydrodynamic  pressure  system  capable  of  producing  internal  pressures  in  a 
wide  variety  of  pressure  vessels.  Pressures  up  to  50,  000  psi  can  be  produced 
in  less  than  3  milliseconds.  The  original  intent  of  this  system  was  to  simulate 
the  pressure  and  pressure  rise  time  in  cannon  type  weapons,  thus  permitting 
the  laboratory  evaluation  of  the  dynamic  stress  conditions,  strength,  and  low 
cycle  fatigue  life  characteristics  of  components  and  materials  associated  with 
new  weapon  concepts  without  the  high  expense  of  actual  firing.  This  type  of 
system,  however,  lends  itself  to  a  wide  variety  of  studies  into  the  dynamic 
stress-strain  conditions  and  fatigue,  characteristics  of  pressure  vessel  type 
configurations  subjected  to  high  loading  rates  and  high  pressure. 

A  system  for  producing  high  loading  rates  in  pressure  vessels  must 
consist  of  two  basic  segments;  a  means  for  storing  the  required  amount  of 
energy  and  a  means  fur  rapidly  releasing  this  energy  and  transferring  it  to 
the  interior  of  the  specimen.  The  following  three  basic,  methods  for  the  stor¬ 
ing  of  energy  were  considered: 

1.  a  moving  mass,  accelerated  by  a  prime  mover  and/or  gravity,  which 
has  the  advantage  of  being  capable  of  high  cyclic  loading  rates; 

Z.  gas  charged  accumulator  which  has  the  advantage  that  an  accumu¬ 
lator  of  moderate  volume  need  only  be  pressurized  to  slightly  more  than  that 
required  in  the  specimen; 

3.  liquid  charged  accumulator. 
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'I  lit-  latter  approach,  consisting  ul  a  liquid  charged  accumulator  with 
a  high  veloi  ity  release  and  fluid  transler  system,  was  chosen  based  on  the 
toll  ewi  ng  i  on  si  de  rat  i  mis. 

1 .  Flcxi  In  1 i ty 

Since  it  is  a  purely  hydraulic  system,  it  can  be  used  to  test  vir¬ 
tually  any  component  under  hydrodynamic  loading  conditions  by  simple  piping 
modifications.  The  peak  pressure  can  be  varied  over  a  wide  range  of  values 
by  simply  changing  the  accumulator  charging  pressure.  The  rate  of  loading 
can  be  varied  by  changing  orifice  or  pipe  si/.es.  High  or  low  temperature 
capabilities  can  easily  be  added  by  heating  or  cooling  the  specimen  without 
greatly  affecting  the  remainder  of  the  system. 

Z.  Control 

Very  accurate  control  and  reproducibility  of  peak  pressure  is  in¬ 
herent  in  this  type  of  system  since  the  peak  pressure  is  directly  a  function 
of  the  compressibility  of  the  liquid  and  the  charging  pressure.  The  former 
is  very  ncur.y  a  constant,  at  any  given  pressure  and  the  latter  involves  meas¬ 
uring  and  controlling  a  constant,  hydrostatic  pressure;  a  rather  simple  instru¬ 
mentation  problem. 

3.  Delay  Time  Capability 

As  opposed  to  the  moving  mass,  impact  type  system,  the  hydraulic 
system  produces  the  desired  pressure  and  maintains  this  pressure  for  any 
desired  time  interval.  This  permits  the  study  of  delay  time  phenomena. 

4.  Safety 


The  hydraulic  system  offers  the  advantages  over  the  gas  system 
of  much  greater  safety,  due  to  lower  stored  energy  and  fewer  seal  leakage 
problems. 

Fluid  Transfer  Analysis 


Prior  to  discussing  the  design  and  functioning  of  the  individual  com¬ 
ponents  of  the  system,  it  is  important  to  consider  the  controlling  parameter- 
--the  fluid  transfer  from  the  feed  accumulator  to  the  specimen.  The  follow¬ 
ing  is  an  approximate  solution  to  the  fluid  transfer  problem. 


The  following  assumptions  were  made  in  the  solution  of  the  problem: 
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1.  I’lie  compressibility  of  the  fluid  (water)  is  a  constant  between  0 
and  the  maximum  pressure  to  be  used  and  is  given  by: 

AV/Vn  =  k  (1) 

P 

L.  Any  volume  changes  due  to  dilation  of  the  accumulator  and  the  pip¬ 
ing  are  neglected. 

5 

3.  The  Reynold's  number  for  the  pipe  flow  exceeds  4  x  10  .  There¬ 
fore,  the  friction  factor  may  be  considered  a  constant. 

4.  The  pressure  in  the  pipe  is  equal  to  the  pressure  in  the  specimen. 

The  change  in  mass  of  fluid  in  the  accumulator  during  fluid  transfer  is 
given  by 


A  Ma  =  Po  k  (Pao  "  a  )  Va  (2) 

The  change  in  mass  in  the  pipe  is 

A  Mp  =  p0  k  Ps  Vp  (3) 

The  change  in  mass  in  the  specimen  due  to  compression  is 

A  Msc  =  po  k  Ps  Vso  (4) 

and  that  due  to  dilation  is 

AMsd  =  Po  (1  +  k  Ps)  ks  Ps  Vjo  (5) 


where  ks  is  defined  as  the  change  in  volume  of  the  specimen  due  to  dilation 
divided  by  the  initial  volume. 

The  total  change  in  mass  in  the  specimen  thus  becomes 

A  Ms  -  Po  Ps  ^so  k^-(l  +  kPs)ks  (£>) 

Since  the  change  in  mass  in  the  accumulator  must  equal  the  change  in  mass 
in  the  pipes  and  specimen 

k  (Pao  -  Pa  )  Va  =  Ps  [  k  ( Vp  +  V8)  +  ks  Vs  ( 1  +  kPa)]  (7) 

For  the  conditions  of  this  test  we  may  neglect  the  kPs  of  the  (1  +  kPs) 
term  in  eq.  7.  This  will  result  in  an  error  of  less  than  five  percent  and  will 


thus  allow  tin*  following  constants  to  be  defined: 


Ca  -  k  Va  (8) 

Cs  -  k(Vp  +  Vs)  +  ks  Vs  (9) 

Equation  7,  therefore,  becomes 

Ca  (Pao  -  Pa)  =  C3  Pa  (10) 


or 

Pa  -  Ps  =  Pao  -  0  +  Ps 

Ca 


(ID 


The  pressure  difference  between  the  accumulator  and  the  specimen  may 
be  considered  to  be  composed  of  three  factors,  namely:  (1)  velocity  head 
loss  in  the  feed  valve,  (2)  a  frictional  head  loss  in  the  pipe,  and  (3)  a  veloc¬ 
ity  head  loss  on  entry  into  the  specimen.  These  are  given  by  the  following 
equation 


P.  -  Ps  = 


2g 


Itv  2  +  v  2  F  vj 
DP  p  -r  v  v 


where  Fv  is  a  velocity  loss  coefficient  for  the  valve. 


(12) 


f 
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From  continuity  of  flow  requirements 

Dr 


Therefore 


P  -  P 
a  s 


2g 


fL 


+  1  +  Fv  WE) 
uv 
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Letting 


_d 

2g 

in  eq.  14  yields 


Ik  +  1+FV 

D  D  ' 


Dr,  4 


=  F 


P  -  P  =  F  v 
a  s  p 


From  continuity  of  flow  entering  the  pipes 


1  dM  =  A  v 

~J  —  P  P 

Combining  eqs.  16  and  17  yields 


(13) 

(14) 

(15) 

(16) 

(17) 
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(18) 
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(  «iMj  *’ 


j>l\r  dt 

and  combining  eqs.  11  and  18  yields 


dM  - 
dt 


PA  1> 


T 


Pa„  “  0+  Ps 

C, 


(19) 


From  eqs.  3,  6  and  9,  the  mass  of  fluid  entering  the  pipes  is  given  by 

M  =  po  Cs  ps  (20) 

therefore,  since  p  -  (1  +  kPs) 

Pao-  (1  +  -^)pf 

:8/f 


A  A 


dPg  -  Ap  (1  +  kPg) 
dt  ( 


ao 


(21) 


Again  neglecting  the  kPs  term,  separating  variables  and  integrating 
from  0  to  Ps  and  0  to  t  gives  the  following  equation  for  the  pressure  time 
curve  in  the  specimen.  _  _ _ _ 

/Pao  '  U  *  —  )PS 


ao 


A.. 


■ZcT^rr 


(1-+  Cs 


(22) 


DESCRIPTION  OF  APPARATUS 


High  Sp  eed  Valve 

In  order  to  release  the  energy  stored  in  the  accumulator  into  the  test 
specimen  in  the  required  loading  time,  a  valve  which  has  the  following  oper¬ 
ating  characteristics  is  required:  (1)  opening  time  must  be  less  than  one 
millisecond,  (2)  time  of  opening  must  be  controllable  within  one-half  milli¬ 
second,  (3)  must  be  capable  of  withstanding  the  maximum  accumulator 
pressure  used  both  in  the  closed  and  open  position,  and  (4)  must  have  a 
volumetric  flow  capacity  of  in  excess  of  2,  000  gallons  per  minute. 

In  order  to  obtain  these  requirements,  a  pilot  operated  valve  uti¬ 
lizing  the  differential  area  principle  was  designed,  A  schematic  diagram 
of  this  valve  is  shown  in  Fig.  1.  The  operation  of  the  valve  is  as  follows. 

A  pilot  pressure  of  about  8  percent  of  the  accumulator  pressure  i~  intro¬ 
duced  into  the  area  under  the  plunger  which  is  sufficient  to  hold  the  valve 
closed.  The  valve  may  now  be  opened  by  either  of  two  methods.  The  pres¬ 
sure  under  the  plunger  may  be  released  or  a  pressure  equal  to  or  greater 
than  the  pilot  pressure  may  be  introduced  above  the  plunger  through  the  trig¬ 
ger  port.  Either  of  these  actions  will  cause  the  net  force  on  the  plunger  to 
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bee ome  downward.  As  tin:  plunger  begins  to  move,  the  high  pressure  fluid 
at  the  seat  will  move  into  the  area  above  the  plunger,  which  will  accelerate 
rapidly  downward,  compressing  the  fluid  beneath  it.  The  volume  of  fluid 
under  the  plunger  is  enough  so  that  the  compression  of  this  fluid  will  allow 
the  plunger  to  move  far  enough  to  uncover  the  outlet  ports.  Either  liquid 
or  gas  may  be  used  as  a  pilot  pressure  fluid  depending  on  the  pressures  in¬ 
volved  and  the  compressibility  requirements.  This  means  that  a  high  flow 
rate  out  of  the  bottom  of  the  valve  is  not  required,  allowing  the  use  of  small 
orifice  tubing  and  valves  in  the  pilot  pressure  system.  In  order  to  prevent 
premature  firing  of  the  valve  in  case  of  leakage  at  the  seat,  the  trigger  port 
is  vented  to  atmosphere  through  an  air  operated  dump  valve  which  is  closed 
just  before  the  valve  is  fired. 

Pressure  Release  Valve 


Along  with  the  requirement  for  building  up  a  maximum  pressure  in 
a  given  period  of  time,  it  is  also  necessary  to  relieve  this  pressure  after 
a  specified  time  and  at  a  given  rate.  For  the  particular  test  described 
herein,  the  time  at  pressure  and  decay  rate  should  closely  approximate  that 
associated  with  the  actual  firing  of  the  weapon  involved  near  the  maximum 
pressure . 

The  pressure  release  valve  is  identical  in  principle  and  operation  to 
the  feed  valve.  It  is  opened  by  a  hydraulic  "feed  back"  circuit  connecting 
its  trigger  port  to  the  feed  valve  trigger  port.  The  required  delay  time  for 
the  opening  of  the  release  valve  may  be  obtained  by  either  of  two  methods. 

For  short  delay  times,  an  adjustable  orifice  in  the  feed-back  line  may  be 
used  to  throttle  the  flow  to  the  release  valve  trigger  port  and  produce  the  de¬ 
sired  delay  time.  A  solenoid  operated  valve  in  the  feed-back  line  controlled 
by  an  electronic  time  delay  circuit  can  be  used  to  produce  any  desired  delay 
time. 

Description  of  Operation 

The  system  consists  of  three  primary  segments,  (1)  an  accumulator 
with  a  high  speed  valve,  (2)  piping  for  controlled  fluid  transfer  to  the  spec¬ 
imen,  and  (3)  a  high  speed  pressure  release  valve.  A  schematic  of  these 
components  assembled  into  the  final  system,  along  with  the  test  specimen, 
is  shown  in  Fig.  2. 

It  may  be  helpful  now  to  consider  the  sequence  of  functions  that  occur 
when  an  attempt  is  made  to  produce  a  desired  pressure-time  curve.  Initially 
the ‘accumulator  is  charged  to  the  required  pressure  using  an  external,  high 
pressure  pumping  system.  The  exact  accumulator  pressure,  of  course,  is 
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controlled  by  the  desired  maximum  pressure  in  the  specimen.  The  high  speed 
feed  valve,  which  is  located  just  below  the  accumulator  and  built  integral  with 
it,  is  fired  by  either  of  the  two  methods  previously  discussed.  Fluid  now  flows 
out  of  the  feed  valve  and  into  the  test  specimen  until  an  equilibrium  pressure 
is  attained.  The  volume  of  fluid  transferred  during  this  process  is  kept  to  a 
minimum  by  steel  filler  bars  which  occupy  most  of  the  volume  of  the  test  speci¬ 
men.  The  remaining  volume  is  pre-filled  with  fluid  at  atmospheric  pressure. 
The  fluid  is  generally  piped  into  both  ends  of  the  specimen  to  assure  uniform 
pressure  distribution  and  to  reduce  external  reaction  forces  produced  by  the 
acceleration  of  the  fluid. 

Whe  n  the  test  pressure  is  reached  in  the  specimen  and  after  the  de¬ 
sired  delay  time,  the  high-speed  release  valve  is  opened  by  the  flow  of  fluid 
through  the  line  connecting  the  trigger  port  of  the  feed  valve  with  the  trigger 
port  of  the  release  valve. 

RESULTS  AND  DISCUSSION 


There  are  currently  two  hydrodynamic  testing  systems  in  operation 
at  Watervliet  Arsenal.  The  first  of  these  systems  has  a  rated  accumulator 
pressure  of  60,  000  psi  and  an  accumulator  volume  of  522  cubic  inches.  It 
is  currently  being  used  to  perform  a  dynamic  analysis  on  the  chamber  sec¬ 
tion  of  a  new  type,  large  caliber  cannon.  It  was  designed  to  simulate  the 
pressure-time  response  encountered  in  actual  firing.  The  experimentally 
obtained  and  the  actual  firing  pressure-time  curves  are  shown  in  Fig.  3. 

Good  agreement  is  shown  in  the  pressure  rise  and  initial  p^.rt  of  the  pressure 
decay  portions  of  the  curve.  Due  to  reclosing  of  the  release  valve,  the  com¬ 
plete  pressure  decay  portion  of  the  firing  curve  is  not  duplicated.  If  de¬ 
sired,  minor  system  modifications  could  be  made  to  reproduce  this  portion 
of  the  curve. 

Also  shown  in  Fig.  3  is  the  calculated  pressure  rise  curve  as  given 
by  eq.  22  using  the  following  constants: 

k*  =  2.  22  x  10"6  (psi)"1 

Vp  =  50  cu.  in. 

V  =  22  cu.  in. 
s 

V  =  522  cu.  in. 
a 

*  Linear  approximation  of  the  compression  curve  for  water  between  0 
and  50,  000  psi(  * ). 
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FIG.  3  EXPERIMENTAL,  ACTUAL  FIRING  AND  COMPUTED  PRESSURE  TIME 

CURVES  FOR  60,000  PSI  SYSTEM 


ks  =  5.  36  x  lO-^  (psi)"l  ^ 

Dp  =0.75  in. 

Dv  =  0.  50  in. 

£  =  0.024 

Pao  =  44,  000  psi 

Li  =56  in. 

The  computed  and  experimental  curves  are  in  good  agreement  with 
respect  to  total  rise  time  and  peak  pressure.  The  difference  in  shape  of  the 
curves  is  probably  due  to  the  inertial  forces  involved  with  accelerating  and 
decelerating  the  fluid  which  were  neglected  in  the  theoretical  analysis. 

The  second  system  has  an  accumulator  pressure  rating  of  30,  000  psi 
and  an  accumulator  volume  of  675  cu.  in.  It  is  designed  for  general  purpose 
testing  of  thin-walled  pressure  vessels  at  pressures  up  to  25,  000  psi  and 
strain  rates  up  to  10  in/in/sec.  It  utilizes  compressed  nitrogen  gas  as  a 
pilot  pressure  fluid  and  an  electronically  controlled  solenoid  valve  in  the 
feed-back  line  to  produce  delay  times  variable  from  one  millisecond  to  one 
second. 


The  actual  application  of  this  system  to  date  has  been  restricted  pri¬ 
marily  to  simulated  service  testing  of  thin-walled  recoilless  rifles  and  mor¬ 
tars.  The  pressure  time  response  obtained  in  one  such  test  is  shown  in 
Fig.  4  along  with  the  calculated  pressure  rise  curve  from  eq.  22.  The  fol¬ 
lowing  constants  were  used  in  this  calculation: 


k* 

= 

2.85  x  10_l 

VP 

= 

3.  0  cu.  in. 

Vs 

= 

17.  5  cu.  in. 

Va 

= 

675  cu.  in. 

ks 

= 

21.  3  x  10"6 

(psi)"1 


(psi) 


-1  (3) 


♦Linear  approximation  of  the  compression  curve  for  water  between  0 
and  20,  000  psi(l). 
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•  ill  111. 


I>v  =  .  37  5  in. 

i  -  . 

*  PU(J  -  10.  000  psi 
L  -  10  in. 

f  Good  agreement,  is  seen  with  respect  to  the  pressure  rise  time.  The 

peak  specimen  pressure  exceeds  the  calculated  equilibrium  pressure  due  to 
the  fact  that  the  inertia  of  the  fluid  causes  the  flow  from  the  accumulator  to 
the  specimen  to  continue  momentarily  after  equilibrium  is  reached. 

i 

One  special  specimen  was  tested  to  determine  the  feasibility  of  ob¬ 
taining  very  short  rise  times.  This  specimen  had  a  1  in.  inside  diameter 
and  9  in.  length.  Vs  was  Z.  04  and  ks  was  4.65  x  10“^.  The  calculated  rise 
time,  using  these  constants  and  all  other  values  from  the  previous  example, 
is  0.6Z  millisec.  The  actual  rise  time  was  about  1  millisec. 

SUMMARY 

« 

A  hydrodynamic  testing  system  has  been  developed  for  studying  a  wide 
variety  of  pressure  vessel  configurations  at  a  wide  variety  of  pressures  and 
<  rise  times.  This  system  is  adaptable  to  testing  vessels  ranging  from  sec¬ 

tions  of  large  caliber  cannon  to  specimens  of  thin-walled  tubing.  Pressure 
rise  times  can  be  as  short  as  3  milliseconds  on  large,  thick-walled  vessels 
or  less  than  1  millisecond  on  smaller  specimens. 

« 

This  type  of  system  offers  the  possibility  of  developing  a  high  strain 
rate  tensile  testing  machine  by  replacing  the  pressure  vessel  with  a  hydrauln 
piston  and  cylinder.  Such  a  system  is  currently  being  constructed  for  use 

*  with  the  existing  30,000  psi  system.  The  expected  maximum  strain  rate  for 
this  system  will  be  between  10  and  ZO  in/in/sec  at  60,  000  lbs.  force.  The 
use  of  the  60,  000  psi  system  with  a  small  diameter  piston  can  theoretically 
produce  strain  rates  as  high  as  500  in/in/ sec  at  60,  000  lbs.  force. 
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MATERIALS  RESEARCH 


The  Honor. il>le  Kimi  .) .  Larsen 

Assistant  Secretary  of  the  Army  (R  D) 
Department  of  the  Army 
Washington  ZS  D.  C. 


It  is  interesting  to  note  from  the  program  of  your  Conference  primar¬ 
ily  concerned  with  the  dynamic  behavior  of  materials,  that  work  in  this 
field  has  been  increasing  in  complexity  and  sophistication  quite  rapidly  dur¬ 
ing  the  last  few  years.  This  is  rather  natural  since  demands  made  of  ma¬ 
terials  and  requirements  in  the  structures  we  build  from  these  materials, 
have  been  increasingly  severe.  These  severe  demands  have  in  turn  led  to 
considerable  progress  in  two  different  areas--the  area  of  improved  mater¬ 
ials  and  the  field  of  work  in  which  you  are  engaged  i.e.,  a  better  under¬ 
standing  of  the  dynamic  behavior  of  materials  and  the  structures  we  build 
from  them. 

It  would  be  completely  inappropriate  for  me  to  address  you  in  the  field 
m  which  you  gentlemen  are  expert.  Therefore,  I  should  like  to  discuss  a 
number  of  experiments  in  the  materials  research  field,  and  I  hope  that  the 
majority  of  you  will  not  have  read  written  accounts  of  them, 

You  will  recall  that  some  of  the  first  experimental  evidence  of  mater¬ 
ials  with  improved  strength  were  the  "whiskers"  which  formed  inside  some 
telephone  equipment.  When  those  whiskers  were  tested  it  was  found  they 
had  tensile  strengths  many  times  greater  than  the-  materials  from  which 
they  had  grown.  They  were  single  crystals  of  high  purity.  At  about  that 
same  time  metallurgists  and  solid  state  physicists  began  to  have  a  better 
understanding  of  dislocation  theory  and  realized  that  the  number  of  dislo¬ 
cations  found  m  a  piece  of  material  could  be  correlated  to  the  strength  of 
that  material.  They  also  realized  that  the  presence  of  impurities  found  in 
most  materials  made  it  impossible  to  achieve  an  extremely  low  number  of 
dislocations  per  cubic  centimeter. 

This  was  also  about  the  time  that  germanium  of  high  purity  was  first 
being  produced  for  transistors.  The  normal  limit  of  chemical  purity  at 
the  time-  meant  that  we  could  reduce  impurities  to  about  one  part  per  million 
in  a  typic  al  material.  Refining  techniques  applied  to  transistors  easily 
brought  tins  to  one  part  in  100  million,  and  with  some  care  brought  it  to  one 
pa  rt  i  n  a  bi  1  li  on . 


'Ihc  m  various  t .  t  >  furs  made  possible  .11  1 11 1<- re  si  1  ng  0  x  |)i  •  r  1 1 1  mill .  A 
thn  slu  r  nl  go  n  n. mi  1.1  1 1  about  tin  ill  .111  ir  te  r  ol  a  ipiarter  was  placed  ai  ross 
twu  parallel  mils  separated  so  llio  gr  rmaiii  inn  <lis»  rested  on  tin*  rods.  A 
I  li  1  1  d  rml,  pa  1  a  1 1 1  ■  I  to  and  IhIwith  t  ho  ol  1 10  1  two  was  placed  on  top  of  the 
di  si  and  pressed  down,  bending  the  formal  mm  (list  until  it  broke.  Meas¬ 
uring  the  amount  ol  bonding  the  di  si  1  oulil  withstand  without  breaking  was 
an  indication  ol  its  strength.  Despite  the  use  id  high  purity  go  rinam  uin  the 
strength  was  not  appreciably  dilleient  Iroin  normal  germanium.  As  with 
most  materials  the  experimental  strength  was  about  one  percent  ol  the 
theoretical  strength..  Then  one  ol  the  metallurgists  londucting  the  experi¬ 
ment  realized  that  under  stress  dislocations  migrate.  It  was  theorized 
that  these  were  migrating  to  the  surface  and  that  concentrations  of  the  dis¬ 
locations  were  leading  to  minute  surface  cracks  which  propagated  through 
the  disc  and  caused  failure.  All  this  happened  more  than  5  or  6  years  ago 
when  ch slot  ation  theory  was  not  as  well  known  as  it  now  is. 

The  experiment  was  then  modified  so  that,  the  disc  was  stressed  in  the 
same  fashion  as  before  but  the  stress  was  applied  while  the  disc  was  gently 
heated- -this  was  done  to  facilitate  migration  of  the  dislocations  to  the  sur¬ 
face-anil  was  placed  in  a  solution  which  would  slowly  etch  away  the  sur¬ 
face  of  the  germanium  disc.  The  strength  was  again  measured  by  the  angle 
to  which  the  disc  could  be  bent  before  breaking.  This  time,  strength  was 
increased  by  a  fact  ir  of  10-  in  other  words  the  strength  was  changed  from 
1/100  of  the  theoretii  al  strength  to  1/3  of  the  theoretical  strength.  This 
was  accomplished  by  forcing  the  dislocations  to  migrate  to  the  surface  and 
then  etching  that  surface  layer  away  more  rapidly  than  the  dislocations 
could  accumulate  and  lead  to  crack  failure. 

Experiments  of  this  type  have  increased  our  knowledge  and  under¬ 
standing  concerning  the  strength  of  materials.  We  at  least  have  shown  that 
very  pure  materials  with  few  dislocations  will  have  many  times  their  original 
strength,  if  we  1  an  keep  the  dislocations  from  piling  up  at.  stress  concentra¬ 
tion  points.  At  present.  I  still  have  not  seen  automobile  fenders  of  great 
strength  which  are  as  thm  as  tissue  paper,  nor  have  1  seen  the  steel  frame¬ 
work  of  a  skysi  raper  reclined  to  soda- straw  size.  We  do,  however,  have 
indications  that  these  kinds  of  things  are  possible.  Undoubtedly  someday 
they  wi  II  be  ni  Ineved. 

During  most  of  the  known  history  of  the  human  race,  teramics  played 
a  significant  role.  They  have  been  used  for  simple  containers,  such  as 
dishes,  and,  of  course,  made  possible  some  of  the  art  forms  we  see  around 
us.  It  has  been  only  during  the  last  ten  years  that  the  understanding  of 
ceramics  has  progressed  to  the  point  that  significant  engineering  of  the  ma¬ 
terial  could  be  achieved.  It  is  today  possible  to  take  samples  of  ceramics, 


and  vcu  are  well  aware  that  (lay  air  c<  i  di  n'a  r  1 1  v  rxti'rmrly  hrittlr.  and  brnd 
these  s.imples  at  right  angles,  1  haw*  seen  many  (ic-ccs  with  about  the  same 
(  ross-  sec  lion  are.i  as  lliat  ol  a  penc  il  and  only  two  or  three  inches  long 
bent  to  more  than  right  angles.  This  too  is  related  to  the  <  one  ent  r  at  i  on 
ot  dislocations  on  the  surface  to  a  point  where  they  become  Significant  im¬ 
perfections.  It  is  pos  si  ble  to  su  r  1  ,n  e  treat  sample  pieces  of  ceramics  of 
tile  type  I  have  mentioned  bend  them,  then  either  deliberately  introduce 
surface  imperfections  or  simply  letting  normal  handling  do  so.  After  this 
has  occurred,  the  piece  will  again  be  quite  brittle  and  will  snap  if  moderate 
pressure  is  applied.  The  surface  treatment  can  be*  repeated  and  the  piece 
can  again  lie  readily  deformed  without  breaking.  In  this  case  it  seems 
that  we  are  dealing  with  surface  imperfections  that  lead  to  crack  failure 
and  that  the  surface  cracks  rapidly  propagate  through  tlu*  ceramic.  It  is 
rather  interesting  to  note  that  the  significant  work  which  led  to  a  better 
understanding  of  ceramics  such  as  magnesium  oxide  was  performed  pri¬ 
marily  on  silver  chloride  cryslals.  It  has  the  happy  facility  of  behaving 
very  much  like  the  magnesium  oxide  and  some  other  ceramics  at  the  same 
time  being  transparent  except  at  the  points  where  dislocations  are  introduced. 
These  dislocations  can  then  be  photographed  even  deep  inside  the  crystal, 
and  their  migration  studied  as  stress  heat,  or  other  environmental  con¬ 
ditions  are  changed. 

The  implications  of  ductile  ceramics  as  a  regularly  used  engineering 
material  are  tremendous.  It  would  mean  that  ceramics,  in  addition  to 
great  compressive  strength  and  ability  to  withstand  high  temperatures 
which  they  already  possess,  could  be  formed  in  the  same  manner  as  the 
metals  we  regularly  use.  Machineable  ceramics  would  make  possible  new 
engineering  c  oncepts  of  major  significance.  In  addition,  ceramic  raw  ma¬ 
terials  sell  for  only  a  few  dollars  a  ton.  If  we  can  obtain  ductility  without 
appreciable  additional  cost,  we  will  accomplish  one  of  the  most  revolution¬ 
ary  steps  possible  in  the -material  field. 

Another  area  m  which  materials  knowledge  has  advanced  appreciably 
in  recent  years  is  that  of  corrosion.  In  this  case,  we  are  ordinarily  con¬ 
cerned  with  improving  the*  resistance  of  a  material  to  corrosion  or  improv¬ 
ing  the  oxidation  characteristics  of  the  piece  ol  material.  We  are  all  ac¬ 
quainted  with  the  fact  that  aluminum  oxide  forms  rapidly  adheres  to  the 
surface  and  effectively  prevents  continued  oxidation  of  the  aluminum  under 
the  oxidized  layer.  It  is  important  to  recognize  that  the  layer  of  aluminum 
oxide  is  effectively  sealing  the  surface  so  that  fresh  aluminum  atoms  do 
not  migrate  through  the  oxide  layer  to  the  surface:  nor  do  the  oxygen  atoms 
from  the  atmosphere  migrate  through  the  oxide  layer  into  the  aluminum 
structure  which  lies  below.  What  is  there  about  the  molecular  arrange¬ 
ment  of  this  aluminum  oxide  layer  that  effectively  prevents  the  migration 


ill  I > i > 1 1 1  .iltmunum  and  uxy^  n  through  it  1  As  you  know,  tins  is  most  un¬ 
usual.  Rusting  ot  i  ron  proceeds  at  a  rapid  rate  whether  the  oxide  film 
spalls  off  or  not,  sime  the  oxide  film  can  he  readily  penetrated  by  oxygen. 

For  some  years  studies  of  a  number  of  different  materials  have  been  made 
by  placing  a  small  piece  ot  noble  metal,  such  as  gold,  on  the  surface  of  a 
fresh  piece  of  mate  ri al -- then  exposing  the  sample  to  an  oxidizing  atmos¬ 
phere  and  learning  which  of  the  two  possible  migrations  predominates; 

1 .  e .  ,  whether  oxygen  moves  readily  through  the  surface  and  into  the  ma¬ 
terial,  or  whether  fresh  atoms  from  the  material  move  to  the  surface. 

The  gold  wire  remains  as  a  marker  which  indicates  the  original  surface. 

These  studies  have  advanced  our  understanding  to  the  point  where  metal¬ 
lurgists  are  today  working  with  surface  additives  with  the  idea  of  creating 
a  molecular  pattern  across  the  surface  which  behaves  in  the  same  fashion 
as  aluminum  oxide.  When  this  is  accomplished,  it  should  give  us  greater 
flexibility  in  our  designs.  We  could  then  select  materials  according  to  our 
structural  design  needs  without  being  concerned  with  the  corrosion  process 
and  give  them  a  touting  of  much  more  durability  and  permanence  than  the 
paints  we  often  are  required  to  employ. 

We  should  also  recognize  that  a  great  deal  of  progress  is  being  made 
in  the  fields  we  ordinarily  think  of  as  more  purely  the  domain  of  the  chemist. 
Today  chemists  can  at  will,  produce  long-chain  plastic  molecules  and  then 
can  cross-link  these  long  chains  to  a  point  where  plastics  have  vastly  in¬ 
creased  ability  to  withstand  high  temperatures.  You  will  recall  that  some 
of  the  early  experiments  which  resulted  in  this  capability  were  accomplished 
by  exposure  of  plastics  to  radiation  from  an  atomic  pile.  I  believe  that 
cross-linking  of  long  chain  molecules  is  being  routinely  done  with  many 
plastics  today  in  the  laboratory  without  the  necessity  of  using  the  radiation. 

It  is,  of  course,  quite  obvious  that  when  we  allow  ablation  to  occur,  plastics 
can  withstand  conditions  that  metals  cannot.  In  fact,  some  of  our  reentry 
vehicles  would  be  destroyed  if  it  were  not  for  the  development  of  success¬ 
ful  plastics. 

It  has  been  of  some  interest  to  note  that  these  sessions  have  dealt  with 
the  problems  which  arise  when  explosives  are  used,  as  well  as  the  utiliza¬ 
tion  of  explosives  in  deliberately  deforming  materials.  I  am  sure  the  studies 
at  Picatinny  Arsenal  which  have  already  been  presented  to  you  in  regard 
to  explosive  deformation  will  make  even  more  useful  the  processes  which 
today  are  carried  on  to  explosively  form  shapes  as  complex  as  the  ogive 
surfaces  of  missiles. 

I.  believe  that  explosive  formation,  whether  performed  by  primacord 
explosion  or  an  electrically  exploded  wire  is  one  of  the  fine  examples  of 


the  kind  til  work  you  arc  doing  winch  has  very  quickly  reached  commercial 
application.  In  fact,  many  manufacturers  are  using  these  processes  for 
mass  production  and  achieve  tolerances  which  are  better  than  they  could 
have  achieved  with  spinning  or  similar  techniques  previously  used. 

It  has  been  a  very  great  pleasure  to  participate  to  a  minor  degree  in 
tins  program.  L  am  confident  that  the  exchange  of  information  you  are  a- 
chieving  will  be  extremely  worthwhile  for  every  one  of  you,  and  will  en¬ 
able  you  to  return  to  your  laboratory  with  ideas  that  will  eventually  benefit 
the  Army  in  a  great  variety  of  ways. 


Thank  you. 


dynamic;  behavior  ok  rocks  under  confining  pressure 


Fred  A.  Donatin' 


ABSTRAC T 

Permanent  deformation  in  rock  results  from  the  action  of  differential 
stress  and  may  be  expressed  as  fracture,  flow,  or  a  combination  of  the  two. 
The  strength  and  ductility  of  rock  change  markedly  under  the  influence  of  con¬ 
fining  pressure.  As  all  rocks  at  some  depth  below  the  earth's  surface  are 
in  effect  subjected  to  confining  pressure,  experimental  data  on  the  failure 
characteristics  of  rocks  that  ignore  this  variable  may  be  misleading,  per¬ 
haps  meaningless,  if  applied  to  below- surface  situations. 

The  ultimate  strength  of  a  rock  may  increase  several  hundred  to  sev¬ 
eral  thousand  per  cent  with  increasing  confining  pressure;  for  many  rocks, 
this  increase  appears  to  be  nearly  linear.  Similarly,  the  ductility  increases 
appreciably  with  increased  confining  pressure  for  most  common  rocks.  The 
increase  in  ductility  is  commonly  accompanied  by  a  change  in  mode  of  de¬ 
formation  from  fracture  to  flow. 

Temperature  and  strain  rate  also  greatly  influence  the  strength  and 
ductility  of  rock.  The  strength  of  many  common  rocks  is  markedly  de¬ 
creased  and  the  ductility  is  strongly  affected  by  changes  in  temperature  or 
strain  rate.  The  ductility  is  normally  increased  with  increase  of  tempera¬ 
ture  or  lowered  strain  rate. 

The  presence  of  planar  anisotropy  may  have  a  marked  effect  on  both 
the  breaking  strength  and  the  angle  of  shear  fracture  in  rock.  Curves  of 
breaking  strength  versus  inclination  of  anisotropy  are  commonly  concave  up¬ 
ward  and  parabolic  in  form.  Shear  fracture  tends  to  develop  parallel  to 
well-developed  planar  anisotropy  for  inclinations  up  to  45°  -  60°  to  the  di¬ 
rection  of  maximum  compression. 

INTRODUCTION 


Broadly  defined,  strength  is  the  resistance  offered  by  a  material  to 
failure.  A  rock  is  said  to  be  strong  if  it  can  sustain  great  stress  without 


*Fred  A.  Donath,  Associate  Professor  of  Geology,  Columbia  University, 
New  York,  New  York. 


1 1  at  I  1 1  :  ng  ur  v  .  <-l d,  i  g.  St  i  engt h"  used  wi  tin  u  t  a  qualifying  ad  ici  1 1  ve  or  with¬ 
out  spec  ifying  the  i  nnditiocs  >i  licit;  r  wliii  h  a  rot  k  has  beer  deformed  has  nt  j 
precise  nuiarinn,  howcer,  as  the  maximum  stress  it  (an  withstand  is  strong¬ 
ly  dependent  on  the  conch t ion s  of  deformation.  The  res, stance  that  a  rock 
offers  to  deformation  may  he  satisfai  torily  discussed  in  terms  of  its  yield 
strength  and  us  ultimate  st  r  ei.gtt- .  Large  p<-  rma;.e!.'  def  ■.  rmutu  r  results 
from  thi'  .u  tun,  of  differential  sires*-',  the  (hfferei  -  e  he'wet  the  maximum 
and  least  principal  stresses  liyclic  s*at'c  stress  reduces  pc  re  space  and  pro¬ 
duces  volume  change  only.  The  yield  stress  of  a  material  ,s  the  stress  dif¬ 
ference  at  the  onset  of  permanent  strain.  It  is  usually  n  definite  in  rocks 
owing  to  the  lack  of  a  marked  break  in  the  stress-strain  curve,  ard  it  is 
often  preferable  to  specify  tire  stress  at  a  given  small  strain.  The  ultimate 
strength  is  tin-  maximum  ordinate  of  the  stre ss- str aim  curve  ,t  is  the  great¬ 
est  stress  difference  the  material  (  an  withstui  cl  under  the  conditions  of  de¬ 
formation. 

For  many  applications,  ar  equally  .mportarJ  property  by  which  the 
behavior  of  rocks  can  be  judged  1  s  ductility,  a  measure  of  the  ability  of  a 
rock  to  sustain  large  permanent  deformation  without  faulting.  The  ductil¬ 
ity  of  an  experimentally  deformed  rock  is  determined  from  the  stress-strain 
curve  for  a  particular  test.  This  curve,  lead  per  uni’  area  applied  to  a 
specimen  versus  ensuing  strain,  is  normally  plotted  with  per  cent  shorten¬ 
ing  (dimensionless)  as  the  abscissa  and  true  differential  stress  as  the  ordi¬ 
nate.  True  stress  is  based  on  actual  orc-ss-sectional  area  of  a  specimen 
at  a  given  strain,  not  on  original  cross-section.  The  ductility  for  a  partic¬ 
ular  test,  is  the  per  cent  strain  before  faulting.  The  behavior  cf  a  giver, 
rock  under  certain  imposed  conditions  can  be  described  as:  very  brittle, 
behaves  elastically  to  the  point  of  rupture,  strain  before  rupture  less  than 
1  per  cent  brittle-,  rupture  preceded  by  negligible  flow,  1  to  5  per  cent 
strain,  moderately  brittle  or  transitional,  faulting  follows  minor  flow,  Z  to 
8  per  cent  strain  moderately  due. tile  sign.ln.ant  flow  preu  c-des  faulting,  5 
to  10  per  cent,  strain  ductile,  flow  :s  h:., nous  with  time  and  exceeds  10 
per  cent,  perhaps  several  hundred  per  oil  t.  (c_f.  Griggs  and  Handin,  I960, 
p.  349'.  see  also,  Handle  and  Hager,  19.67,  1968,  Heard,  1960  Paterson, 
1968.1. 


A  third  property  useful  it  describing  the  behavior  of  deformed  rocks 
is  the  mode  of  deformation.  The.  two  basic  modes  are  fracture  and  flow. 
Fracture  is  deformation  with  complete  loss  of  cohesion;  flow  is  any  defor¬ 
mation,  not  instantly  recoverable,  without  permanent  loss  of  cohesion 
(Handin  and  Hager,  1967,  p.  3).  All  fractures  are  either  extension  or  shear 
fractures,  depending  on  whether  initial  movement,  is  perpendicular  or  par¬ 
allel  to  the  fracture  surface,  respectively  (Griggs  and  Handin,  I960,  p. 

348).  The  mode,  of  deformation  is  a  reflection  of  the  ductility  of  the  deformed 
material . 


'I  he  max. mum  l  einprcssivc  stress  that,  a  ruck  i  an  sustain  before 
laulting  or  losing  cohesion  is  strongly  dependent  on  the  magnitude  of  min¬ 
imum  compressive  stress.  In  ordinary  engineering  compression  tests  the 
minimum  stress  is  atmospheric  pressure,  in  experimental  rock  deforma¬ 
tion  the  minimum  stress  during  a  compression  test  is  confining  pressure 
induced  by  means  of  a  pressure  vessel.  A  cylindrical  rock  specimen  is 
placed  between  a  piston  and  anvil,  suitably  jacketed,  and  inserted  in  a 
pressure  vessel.  Radial  stresses  are  exerted  on  the  rock  cylinder  by 
liquid  surrounding  the  specimen  within  the  vessel;  these  stresses  are  re¬ 
ferred  to  as  confining  pressure.  Axial  stresses  are  induced  by  the  move¬ 
ment  of  the  piston  into  the  vessel  to  compress  the  specimen  between  pis¬ 
ton  and  anvil.  Differential  stress  acts  on  the  specimen  when  the  axial 
stress  exceeds  or  is  exceeded  by  the  radial  stresses  (confining  pressure), 
and  specimen  strain  is  reflected  during  the  course  of  the  experiment  by  the 
displacement  of  the  piston  with  respect  to  the  body  of  the  vessel. 

Two  basic  types  of  test  are  common  in  experimental  rock  deforma¬ 
tion:  the  compression  test,  in  which  the  axial  stress  exceeds  the  confining 
pressure;  and  the  extension  test,  in  which  the  confining  pressure  exceeds 
the  axial  stress.  A  compression  test  is  made  by  increasing  the  axial  load 
while  maint.  ning  a  constant  confining  pressure.  An  extension  test  is  made 
by  subjecting  the  specimen  to  a  given  confining  pressure,  then  reducing  the 
axial  load  while  holding  the  confining  pressure  constant. 

EFFECT  OF  CONFINING  PRESSURE 

Increased  confining  pressure  commonly  increases  the  ultimate 
strength  of  rocks  several  hundred  to  several  thousand  per  cent.  Figure  1 
illustrates  the  increase  in  ultimate  strength  as  a  function  of  confining  pres¬ 
sure  for  several  common  rock  types;  data  are  from  Handin  and  Hager  (1957). 
The  Mettawee  slate  and  Oil  Creek  sandstone  are  both  brittle  rocks  and 
though  the  sandstone  sustained  better  than  10,  000  bars*  differential  stress 
under  2000  bars  confining  pressure,  the  slate  showed  an  ultimate  strength 
very  similar  Ic  many  shales,  about  1300  bars.  Both  have  high  crushing 
strengths  at  atmospheric  pressure.  At  2000  bars  confining  pressure  the 
Hasmark  dolomite  has  an  ultimate  strength  of  about  5400  bars,  a  400  per 
cent  increase  ever  its  crushing  strength.  In  general,  dolomites  tend  to  be 
strong  at  all  pressures,  many  have  crushing  strengths  of  the  order  of  1500 
bars  and  ultimate  strengths  exceeding  7000  bars  under  confining  pressure 
of  2000  bars.  The  Muddy  shale,  Barns  sandstone,  and  Fusselman  limestone 
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art'  br.ltle  Jt  atmospher.c  pressure  and  have  crushing  strengths  from  weak 
l.i  moderately  strong.  All  show  im.  reuses  in  ultimate  strength  of  several 
hundred  per  rent.  With,  the  exception  of  the  Muddy  shale,  the  increase  in 
ultimate  strength  of  each  of  these  rocks  appears  to  be  a  nearly  linear  func¬ 
tion  of  confining  pressure. 

Similarly,  the  ductility  of  many  rooks  increases  markedly  with  in¬ 
creasing  confining  pressure.  For  some  rocks,  ductility  increases  only 
moderate  amounts;  for  a  few,  it  increases  but  slightly.  The  increase  in 
ductility  as  a  function  of  confining  pressure  is  shown  in  Figure  2  for  sev¬ 
eral  common  rock  types;  data  are  from  Handin  and  Hager  (1957),  The 
Mettawee  slate  and  Oil  Creek  sandstone  are  brittle  at  all  confining  pressures 
to  2000  bars.  Hasmark  dolomite  is  brittle  at  atmospheric  pressure,  but 
shows  transitional  behavior  at  higher  confining  pressures,  Blaine  anhydrite 
shows  moderately  ductile  behavior  at  higher  confining  pressures,  though  it 
also  is  brittle  at  atmospheric  pressure.  The  Barns  sandstone  is  brittle  un¬ 
der  confining  pressures  to  1000  bars,  but  becomes  very  ductile  at  2000  bars 
confining  pressure.  Like  most  roc.ks,  the  shale  and  limestone  are  brittle 
at  atmospheric  pressure;  however,  in  sharp  contrast  to  the  more  brittle 
rocks,  they  show  increasing  ductile  behavior  with  higher  confining  pres¬ 
sures.  The  limestone  is  very  ductile  even  at  a  confining  pressure  of  1000 
bars.  Shear  fractures  in  dolomite  typically  develop  at  angles  of  20°  -  30° 
to  the  direction  of  maximum  compression;  shear  fractures  in  the  more  duc¬ 
tile  rocks  typically  develop  at  angles  of  30°  -  40°. 

Under  atmospheric:  confining  pressure  most  rocks  are  brittle  and 
fail  by  either  extension  or  shear  fracture;  under  increasingly  higher  con¬ 
fining  pressures,  the  same  rocks  may  fail  by  distributed  shear  and,  ulti¬ 
mately,  by  uniform  flew.  This  transition  from  brittle  to  ductile  deforma¬ 
tion  as  a  function  of  confining  pressure  has  been  nicely  demonstrated  by 
Paterson  (1998)  for  a  coarse-grained,  very  pure  marble.  Longitudinal  ex¬ 
tension  fractures  and  simple  shear  fractures  developed  in  specimens  of  the 
marble  defer  me  cl  at  confining  pressures  below  100  bars;  conjugate  shear 
zones  were  favored  at  pressures  from  200-300  bars,  and  distributed  shear 
and  uniform  flow  prevailed  for  confining  pressures  above  450  bars.  Pater¬ 
son  concluded  that  for  this  rock  one  mile  of  overburden,  the  equivalent  of 
about  400  bars  pressure,  would  be  sufficient  to  induce  distributed  shear  or 
flow  rather  than  a  simple  shear  or  shear  zone. 

EFFECT  OF  TEMPERATURE 


Griggs  and  others  (I960)  have  investigated  the  strengths  of  granite, 
basalt,  dolomite,  marble,  and  several  other  rocks  under  5000  bars  confin¬ 
ing  pressure  and  temperatures  from  2  5°  to  800°  C.  Some  of  the  results 
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art-  shown  in  Figure  i  winch  is  a  plot  ol'  ultimate  strength  versus  tempera- 
tore.  The  ultimate  strength  of  marble  is  affected  most  and  decreases  by 
about  800  per  cert.  The  strengths  of  granite  and  basalt  both  decrease  mark¬ 
edly.  basalt  is  especially  affected  at  temperatures  above  600°  C.  The  ul¬ 
timate  strength  of  dolomite  decreases  by  less  than  200  per  cent  from  room 
temperature  to  800°  C. 

The  variation  of  ultimate  strength  and  ductility  with  temperature  for 
several  rocks  tested  at  2000  bars  confining  pressure  are  shown  in  Figures 
4  and  S;  data  are  from  Handin  and  Hager  (1958).  According  to  Handin  and 
Hager,  heating  may  reduce  the  ultimate  strength  by  lowering  the  yield  stress 
without  affecting  the  shape  of  the  stress-strain  curve.  An  example  of  this  is 
Yule  marble.  Heating  may  also  lower  the  ultimate  strength  by  reducing  or 
eliminating  the  work- hardening  effect*.  This  is  the  case  for  Wolfcamp  lime¬ 
stone  at  2000  bars  and  300°  C.  In  contrast,  increased  temperature  may  raise 
the  ultimate  strength  by  increasing  the  ductility  in  work-hardening  rocks, 
thus  permitting  greater  strains  and  hence  greater  differential  stresses.  This 
behavior  is  restricted  to  rocks  whose  increased  ductility  is  not  accompanied 
by  annealing,  it  is  observed  in  certain  dolomites.  Paradoxically,  the  ulti¬ 
mate  strength  may  also  be  augmented  by  introducing  work-hardening,  owing 
to  a  change  of  the  deformation  mechanism.  Deformation  in  certain  rocks 
at  low  temperatures  may  be  cataclastic  and  therefore  involve  internal  fric¬ 
tion.  At  elevated  temperatures  intragranular  flow  predominates  over  inter¬ 
granular,  but  the  temperature  may  not  be  high  enough  to  allow  annealing. 
Hence,  the  material  work-hardcns  and  raises  the  ultimate  strength  above 
its  low-temperature  value.  Blaine  anhydrite  provides  an  example  of  this 
type  of  behavior.  The  effect  of  temperature  on  the  ultimate  strength  of  shale 
is  very  large,  but  the  flow  mechanisms,  other  than  macroscopic  shearing, 
are  unknown. 

Increased  temperature  generally  increases  ductility.  Apparently, 
however,  increased  temperature  can  lower  the  ductility  of  certain  rocks, 
or  lower  it  slightly  before  increasing  it.  Both  the  Muddy  shale  and  Luning 
dolomite  show  slight  decreases  in  ductility  with  temperature  increase  to 
300°  C.  The  explanation  for  the  Muddy  shale  is  possibly  that  high  tempera¬ 
tures  allow  more  compaction  under  the  hydrostatic  pressure  imposed  on  the 
specimen  during  "set-up"  procedures.  The  specimen  would  then  presum¬ 
ably  compact  less  under  subsequent  application  of  differential  stress.  The 
limestone  and  anhydrite  show  typically  large  increases  in  ductility  with 
increased  temperature. 


Work-hardening  refers  to  the  observed  effect  that  each  increment  of  perm¬ 
anent  strain  requires  an  additional  increment  of  stress  difference. 
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Figure  3 
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1  I  :<  i  !  I  r  i  i  i  '1  I  rating  w.i-.  tin  i  id  l>\  1 1  a  i  id)  u  ai.d  1 1  age  r  ( 1 9  58 )  to  i  on- 
sister. t|\  rrda  i1  tin-  \  .idd  st  i  css  ( a  r  In  t  rar  i  I  v  defined  as  the  differential 
si  i  csi  at.  1%  strain)  ol  tin-  im  ks  tested,  though  tlu:  cllec.t  difiers  from  one 
mi  li  'o  anotlu-r  and  dilleis  with  i  onfmmg  pressure  for  any  on e  rook.  The 
elicit  ot  tempi'  rat.ure  on  the  yield  stress  ol  several  rocks  is  summarized 
in  Figure  t>.  li  i  er'a,i  materials,  vu.  Idu  g  is  asset  at.ed  w.'h  it  t.rac  rys- 
tallme  gliding  the  i  titical  resohed  shear  stress  on  glide  planes  decreases 
with  i in  reasmg  temperature  and  it.  is  thus  not  surprising  to  observe  a  re¬ 
duction  of  yield  stress  in  materials  tor  which  this  is  an  important  mechanism 
ot  deformation.  The  lowered  yield  stresses  tor  dolomite,  limestone,  and 
marble  possibly  n  licit  m  part  the  effects  of  temperature  on  mtracrystalhne 
gliding.  In  sandstone,  flow  is  eataclastic  and  the  yield  stress  is  scarcely 
influenced  by  heating.  Although  the  temperature  effect  on  the  ultimate  strength 
of  shale  and  siltstone  is  very  large,  its  effect  on  the  yield  strength  is  small. 
The  il  ow  meehan»uins  are  .nknown. 

Heard  'v1960,'  I  as  investigated  the  transition  from  brittle  to  ductile 
behavior  in  Solenhofen  limestone  as  a  function  of  pressure  and  temperature. 
Figure  7  shows  the  boundary  between  brittle  and  ductile  behavior  of  jacketed 
specimens  m  compression  and  extension  from  room  temperature  to  700°  C. 
Interestingly,  the  limestone  becomes  ductile  in  compression  even  at  atmos¬ 
pheric  confining  pressure  at  high  temperatures.  The  brittle- ductile  transi¬ 
tion  is  defined  by  Heard  av>  that  point  at  which  3-5  per  cent  strain  c.an  be  in¬ 
duced  without  notable  loss  of  cohesion.  Also  of  interest  is  the  fact  that 
Solenhofen  limestone  is  brittle  in  extension  at  a  considerably  higher  confining 
pressure  than  that  required  tu  make  it  ductile  in  compression. 

EFFECT  OF  S TRAIN  R ATE 

Less  is  know-  about  the  effect  of  strain  rate  on  the  strength  and  duc¬ 
tility  of  recks  thau  about  the  other  common  variables,  until  recently,  prac- 
tu  ally  i. otl'.n  g  was  known.  Robertson  (1955)  observed  that  sharply  increased 
strain  rate  great.lv  increased  the  yield  strength  of  rock.  Thus,  the  effect 
ol  higher  strain  rates  is  to  raise  the  stress- strain  curve,  as  illustrated  in 
Figure  8  (from  Serdengecti  and  Boozer,  1961).  An  excellent  study  by  Heard 
(m  press)  provides  the  most  complete  body  of  data  on  the  effects  of  strain 
rate  and  temperature  on  the  deformational  behavior  of  rock.  Heard  studied 
the  effects  of  strain  rates  from  10  per  c.ent  per  second  to  10'^  per  cent  per 
second  and  temperatures  Irom  <35°  C.  to  500°  C.  on  Yule  marble.  Two  of 
his  sets  of  curves  are  reproduced  as  Figures  9  and  10.  Although  the  effect 
of  strain  rate  is  very  noticeable  even  at;  room  temperature  (Fig.  9),  it  be- 
c  omes  remarkably  influential  at  high  temperatures  (Fig.  10).  The  greatest 
differential  stress  that.  Yule  marble  can  sustain  when  deformed  at  500°  C.  , 
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5000  bars  confining  pressure,  and  at  a  strain  rati:  of  10",J  pur  cent  per  sec¬ 
ond  is,  m  fact,  almost  as  low  as  what  it  can  sustain  in  ordinary  tests  at 
room  temperature  and  pressure.  The  crushing  strength  of  Yule  marble  is 
approximately  400  liars. 

EFFECT  OF  ANISOTROPY 

It  is  apparent  from  comparison  of  the  ultimate  strengths  and  ductil¬ 
ities  of  different  rock  types  that  the  mineral  and  rock  composition  is  a  most 
important  factor  in  the  deformational  characteristics  of  rock.  One  of  the 
more  influential  physical  aspects  of  rock  that  affects  its  deformation  be  - 
havior  is  planar  ani  sotropy-- the  presence  in  the  rock  of  stratification, 
cleavage,  schistosity,  or  layering  of  some  type. 

Planar  anisotropy  can  have  a  pronounced  affect  on  the  strength  of 
certain  rocks  as  demonstrated  in  a  recent  study  by  Donath  (1961).  One -inch 
diameter  cores  of  slate,  shale,  limestone,  and  several  other  rocks  were 
cut  at  angles  of  0°,  15°,  30°,  46°,  60°,  75°,  and  90°  to  the  plane  of  anis- 
tropy  for  each  rock.  The  cores  were  trimmed  to  2-1/2  inch  lengths,  and 
subjected  to  ordinary  compression  tests  under  several  different  confining 
pressures.  Results  for  the  slate  are  shown  in  Figure  11.  Curves  of  dif¬ 
ferential  stress  at  rupture  versus  inclination  of  anisotropy  are  concave  up¬ 
ward  and  parabolic  in  form.  In  slate,  cores  cut  at  90°  to  the  cleavage  show 
the  greatest  breaking  strength;  cores  cut  at  30°  show  the  lowest  breaking 
strength.  The  breaking  strength  for  the  90°  orientation,  for  compression 
perpendicular  to  cleavage,  is  nearly  ten  times  as  large  as  the  breaking 
strength  for  maximum  compression  inclined  at  30°  to  cleavage.  As  would 
be  expected,  increased  confining  pressure,  produces  a  noticeable  upward 
shift  of  the  curves. 

Figure  12  shows  the  effect  of  cleavage  on  the  angle  of  shear,  frac¬ 
ture  in  slate  deformed  at.  three  different  confining  pressures.  Data  points 
along  the  line  indicate  that  shear  fracture  developed  parallel  to  cleavage; 
this  is  the  case  for  the  15-,  30-,  and  several  45-degree  orientations.  The 
predicted  30-degree  angle  for  isotropic  material  is  lowered  appreciably 
by  cleavage  oriented  parallel  to  the  specimen  axis.  Some  effect  of  cleav¬ 
age  appears  to  be  present  even  in  the  60-  and  75-degree  orientations,  but 
for  cleavage  oriented  at  90°the  fractures  are  inclined  at  about  30°  to  the 
direction  of  maximum  compression.  Results  from  tests  on  other  rocks  in¬ 
dicate  that  increased  ductility  reduces  the  effect  of  anisotropy  on  shear 
fracture. 
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INCLINATION  OF  ANISOTROPY  TO  SPECIMEN  AXIS 
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DISCUSSION 


James  1 1 .  Flanagan,  QM,  RkL  Command,  Natick:  Can  you  tell  us  some¬ 
thing  about  the  jacketing  materials  that  were  used  in  confining  the  pressure 
stress;  and  can  you  say  something  about  the  reproducibility  of  rock  data? 

Can  you  repeat  the  data  on  ditterent  samples7 

Prof  Donath;  Well,  to  answer  your  first  question  the  jacketing  material 
commonly  used  at  the  higher  confining  pressures  is  thin  walled  copper 
tubing  of  the  order  of  nine  thousandths  inch  thickness.  This  has  a  very 
negligible  strength  endurance  for  the  rock  and  often  does  not  affect  the  re¬ 
sults  when  plotted  as  a  stress-strain  curve.  To  answer  your  second  ques¬ 
tion  -  This  is  pretty  much  a  function  of  the  individual  apparatus,  the  method 
of  preparation  of  specimens.  1  can  speak  for  our  own  work  which  showed 
very  good  reproducibility  and  we  do  take  considerable  care  in  preparation 
of  specimens.  We  grind  off  the  ends  and  the  end  surface  is  perfectly  nor¬ 
mal  to  the  axis  of  the  specimen  so  that  there  are  no  bending  moments  pre¬ 
sent.  I  would  say  that  reproducibility  for  rocks  which  are  fairly  consistent 
in  their  general  properties  is  good.  We  try  to  pour  all  the  specimens  from 
the  same  block  for  a  given  test  series.  The  reproducibility  variation  is 
probably  less  than  1%. 

Mr,  Zaroodny,  APG-BRL:  Very  fascinating  subject  filled  with  fascinating 
information.  My  interest  is  directed  not  so  much  toward  the  problem  of 
the  homogeneous  structure  as  toward  the  nature  of  propagation  of  cracks, 

Is  there  something  known  about  what  causes  the  cracks? 

Prof  Donath:  Well,  the  fracture  occurs,  of  course,  only  when  the  material 
is  behaving  in  rathe/  a  brittle  fashion  and  we  do  find  a  transition  from  very 
brittle  behavior  to  a  very  ductile’one.  We  don't  know  very  much  about  the 
propagation  of  fractures.  There  is  an  experimental  study  being  carried  out 
at  this  time  under  confining  pressure,  on  the  propagation  of  fractures  by 
Prof  Grace  who  has  been  working  at  Dunbar  Laboratories  at  Harvard  the 
past  year.  He  machined  the  dumbbell  shaped  specimens  to  get  away  from 
the  en.a  effects  and  he  has  found  a  very  close  correlation  between  the  orien¬ 
tation  and  propagation  of  fracture  and  grain  boundaries.  Grain  boundaries 
seem  to  influence  very  strongly  the  direction  of  propagation  of  the  fracture. 
In  theory,  of  course  one  can  predict  the  orientation  on  the  basis  of  stress 
distribution,  but  when  you  look  at  the  rock  itself  you  expect  to  find  the  pro¬ 
perties  of  the  material  and  the  properties  of  individual  grains  and  their  re¬ 
lationship  to  one  another. 

George  Kaye,  Picatinny  Arsenal;  Where  does  the  application  of  these  rocks 
lead  as  compared  to  the  material  of  concrete  which  is  being  used  throughout 
the  construction  industry? 

Prof  Donath:  You  mean  what  are  the  engineering  applications  of  studies 
like  this? 


Cumjj-jm/  Kaye1:  K  i ^ lit . 

Frol  Donath:  A  vory  obvious  application,  perhaps  not  so  obvious  to  this 
group,  is  the  effect  tin  drilling  rates.  A  great  deal  of  research  has  been 
put  into  the  technology  of  drilling  itself,  but  just  the  slightest  increase  of 
the  efficiency  of  drilling  would  save  millions  of  dollars  for  oil  field  opera¬ 
tions.  As  you  can  see  from  the  results  I  presented  here,  even  the  slightest 
increase  of  confining  pressure  causes  tremendous  increase  of  strength. 

This  is  something  that  may  not  be  anticipated  during  drilling  or  for  that 
matter  during  excavation  at  shallower  depths  where  drills  are  not  being 
used.  These  are  some  of  the  applications  you  inquired  about. 
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CORRKLA TION  OK  HIGH  LOADING  RATE  REACTIONS 
WITH  LOW  RATE  TESTS  IN  METALS 


Coy  M.  Glass* 

ABSTRACT 

Changes  in  a  tensile  specimen  during  neck-down,  whgn  the  load  is  a- 
bove  the  ultimate  tensile  stress,  are  found  to  be  functions  of  the  rate  of 
application  of  load.  The  neck  remains  volume  constant,  and  the  rate  of 
change  of  dimensions  within  this  volume  may  be  measured  from  photo¬ 
graphs  taken  during  the  test. 

Analysis  of  the  neck  region  provides  a  basis  for  calculating  energy- 
volume  relations  as  a  function  of  strain  rate.  Using  these  relations,  and 
a  high  velocity  stress- strain  curve  (described  in  previous  papers),  a  pre¬ 
diction  may  be  made  of  metal  reaction  under  explosive  loading, 

In  this  paper,  annealed  polycrystalline  copper,  and  single  crystal  cop¬ 
per  specimens  are  compared,  using  the  above  analysis.  In  an  experimental 
arrangement  using  explosives,  specimens  are  necked-down  and  fractured, 
and  the  energy  distribution  in  the  stress  pulse,  during  necking  and  fracture, 
are  compared  to  the  process  occurring  during  slow  rate  deformation. 


INTRODUCTION 

In  the  field  of  high  velocity  loading  of  metals,  the  concepts  currently 
in  use  to  describe  the  reaction  of  metals  to  explosive  loading  are  insuf¬ 
ficient  in  scope  or  case  of  solution  for  predicting  a  number  of  reactions. 
For  instance,  equations  of  state  derived  from  hydrodynamic  considerations 
do  not  take  into  account  heavy  preferred  orientation  in  a  metal,  because  of 
experimental  and  theoretical  difficulties.  The  approach  taken  by  some  in¬ 
vestigators  has  shown  that:,  under  the  conditions  of  measurement,  Hugoniot 
curves  (for  compression)  for  single  crystals  and  polyc rystalline  specimens 
of  the  same  metal  (eg:  copper,  aluminum,  etc.)  are  identical.  No  method 
is  available  for  predicting,  for  instance,  the  shear  or  release  wave  depen¬ 
dency  on  crystalline  properties,  and,  in  the  case  of  high  pressures,  the 
reflected  tensile  waves  are  still  considered  in  the  hydrodynamic  method, 
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Solid  mechanics  lias  been  reasonably  successful  in  describing  a  num¬ 
ber  of  one  dimensional  problems  in  the  area  ol  dynamic  loading.  However, 
as  the  problem  deviates  from  one  dimensionality,  the  ditficulty  ol  solving 
the  equations  becomes  insurmountable,  particularly  if  material  properties 
are  related  to  the  stress  tensors  in  an  effort  to  describe  the  metal  reaction. 

In  some  areas  of  impact  deformation,  Hell  has  been  very  successful  in 
describing  metal  reactions  and  relating  them  to  G.  I.  Taylor's  stress- 
strain  parabola. 

However,  in  general  the  area  of  metal  reaction  under  high  rate  load¬ 
ing  is  virgin  territory,  where  the  imperical  experimental  approach  is 
still  more  rewarding  than  the  theoretical  one. 

The  work  reported  here  describes  some  results  from  a  long  range 
program  designer!  to  obtain  basic  information  on  the  affect  of  metal  pro¬ 
perties  on  high  velocity  deformation.  It  is  the  aim  of  tli  s  work  to  define 
parameters  important  in  the  high  velocity  area,  anti  to  relate  these  para¬ 
meters  to  easily  measurable,  and  predictable,  low  rate  properties.  The 
following  sections  contain  brief  rle sc riptions  of  the  various  aspects  of  the 
work.  Detailed  analyses  may  be  obtained  from  various  open  literature 
publications,  DR  L  reports,  and  contract  progress  reports.  Several  of 
the  latter  are  currently  in  process  of  publication,  or  are  being  prepared 
for  publication. 

CRYSTALLOGRAPHIC  INFLUENCES 

In  low  rate  testing  of  metals,  slip  systems  and  fracture  modes  have 
been  defined  for  various  crystal  structures.  For  instance,  in  face  centered 
cubic  materials  deformation  takes  place  onjuij  type  planes,  in  [lOOjtype 
directions  in  these  planes.  Cleavage  of  these  crystals  occurs  onjlOOj  planes 
In  polyc ryst all ine  specimens,  heavy  preferred  orientation  will  alter  strength 
properties,  depending  on  the  direction  of  stress  application  compared  to  the 
direction  or  preferred  orientation. 

A.  Expanding  Cylinders  of  Aluminum 


The  analysis  of  low  rate  tests  has  led  to  a  prediction  of  the  results 
of  high  rate  testing,  if  one  assumes  that  metals  do  not  act  as  fluids. 
Figures  1  through  4  show  the  results.  Single  crystal  cylinders  of  alumi¬ 
num  (3  8"  I.  D.  -  variable  O.  D.  )  are  loaded  internally  with  explosive, 
and  framing  camera  pictures  (at  the  rate  of  ic£  frames  per  second)  are 
made  of  the  cylinders  as  they  expand.  Figure  1  shows  a  single  crystal 
expanding,  and  it  is  easy  to  see  the  non  uniform  deformation. 


FIG.  3  -  FRAMING  CAMERA  PICTURES  OF  AN  EXPANDING  ALUMINUM  SINGLE 
CRYSTAL  SHOWING  NON -SYMMETRICAL  DEFORMATION 


FIG.  5  -  ALUMINUM  SINGLE  CRYSTAL  (A),  AND  POLYCRYSTALLINE  (B) 

SPECIMEN  AFTER  INTERNAL  LOADING 


FIGURE  7  FRACTURE  SURFACE  AND  INTERSECTION  OF  DEFOR 
MATION  PLANES  SHOWN  ON  A  STEREOGRAPHIC  NET  FOR 
CRYSTAL  NO.  17. 


RADIAL  SURFACE  EXPANSION- MILLIMETERS 
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Fillin'  2  shows  a  irai  lured  single  crystal  and  a  fractured  polycrys- 
tulline  specimen,  of  the  same  dimensions.  Note  the  symmetry  of  frac¬ 
ture  in  the  case  of  the  single  crystal,  and  the  generalized  deformation  in 
f  the  polycrystalline  sample.  Crystallographic  analysis,  using  X-rays  and 

metallographic  observations,  are  seen  in  Figure  3.  The  single  crystals 
deform  on  [lllj  [llo]  slip  systems,  and  fracture  on  /  100  j  planes,  exactly 
•  as  in  slow  rate  tests.  Figure  4  shows  the  results  of  analysis  of  the  ex¬ 

pansion  of  the  cylinders  along  two  radii,  45°  apart.  The  single  crystals 
are  deforming  anisotropically  on  the  first  tensile  reflection  of  the  shock 

wave . 

9 

The  important  point  to  note  is  that  the  pressure  on  the  outside  sur¬ 
face  of  these  cylinders  is  approximately  1.  5  x  1(T  psi,  while  the  strength 

•} 

of  the  metal  is  only  approximately  4  x  10J  psi.  At  stresses  two  order  of 
magnitude  greater  than  the  strength  of  the  metal,  it  still  deforms  crys- 
tallographically. 

B.  X-Ray  Analysis 

If  the  analogy  is  carried  further,  into  polycrystalline  specimens  con¬ 
taining  preferred  orientation,  analysis  shows  that  in  pressure  ranges  a- 
bovc  200  kilobars  (or  3  x  10^  psi),  the  preferred  orientation  alters  the  de- 

*  formation  and  fracture  just  as  in  the  single  crystal  tests. 

By  making  use  of  recrystallization  experiments,  where  stress-grain 
«  distributions  are  correlated  with  strain  analysis  from  X-ray  studies,  it 

has  been  possible  to  show  that  annealed  and  hardened  copper  reacts  dif¬ 
ferently  under  high  velocity  shear  deformation.  Annealed  materials  de¬ 
form  according  to  a  parabolic  stress  strain  relation,  while  hardened 
«  materials  deform  linearly. 

FRACTURE  STRENGTHS 

A  second  type  of  correlation  is  the  strength  of  fracture  of  metals 
under  high  velocity  loading.  Figure  5  shows  an  experimental  arrange¬ 
ment  for  fracturing  specimens.  The  buffer  thickness  may  be  varied  to 
give  different  stresses  in  the  specimens.  The  reproducibility  of  the 
system  has  been  determined  as  excellent.  Figure  6  shows  the  remaining 
section  of  a  single  crystal  that  has  been  fractured  by  the  reflected  ten¬ 
sile  wave.  Note  that  it  is  necked  down  at  the  end  where  fracture  and 

*  spall  occurred.  Single  crystals  neck  down  with  a  non-uniform  cross-sec¬ 
tion.  Polycrystalline  metals  neck  down  uniformly. 

*  Analysis  of  the  strain  distribution  has  been  made,  and  the  ratio  of 

cross-sectional  area  to  original  area  is  taken  at  the  main  fracture  point 
and  plottes  vs.  distance  from  the  explosive.  Figure  7  shows  this  plot. 
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PLANE  WAVE  GENERATOR 


SCHEMATIC  OF  THE  EXPERIMENTAL  ARRANGEMENT  USED 
FOR  SPALL  AND  FRACTURE  STUDIES.  DIMENSIONS  OF 
5  THE  PIECES  ARE  VARIABLE 
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CROSS  SECTION  OF  COPPER 
SINGLE  CRYSTAL  C-3 


DISTANCE  FROM  HE  TO  FREE  SURFACE  (INCHES) 


By  correlating  distance  with  pressure  m  the  reflected  tensile  pulse,  the 
maximum  stress  at  fracture  may  be  obtained.  Now,  if  the  point  where 
the  curves  in  Figure  7  intersect  the  line  —  -  1,  a  theoretical  strength 

Ao 

is  obtained  for  the  metal  in  the  following  manner: 

Ignoring  the  initial  specimen  compression  (which  only  adds  a 

small  correction)  it  is  seen  that,  at  —  -  1,  the  specimen  fractures 

A 

o 

without  neck-down.  In  other  words,  no  shear  flow  from  the  sides 
has  occurred.  Therefore,  the  metal  has  fractured  in  tension  by 
separating  metal  bonds.  The  strength  value  for  polycrystalline  cop¬ 
per  is  L.  11  x  106  p s i .  This  may  be  compared  to  the  original  Frenkel 

value  calculated  from  the  modulus  obtained  at  low  rates:  i.e.  ,  — 

G_  n 

where  n  -  10.  (His  value  was  precisily,  ^  ).  The  theoretical  value 
is  1.7  x  10*3  psi,  a  rather  good  correlation. 

A  surprising  implication  in  this  work  is  that,  at  high  loading  rates, 
high  velocity  dislocations  do  not  play  a  role  in  the  deformation.  Macken¬ 
zies  calculation  of  a  theoretical  strength  of  (or  _^),  taking  into  ac¬ 
count  dislocations,  does  not  appear  to  hold  up  at  these  loading  rates. 

CONCLUSIONS 


Numerous  other  correlations  have  been  made,  but  time  does  not  per¬ 
mit  their  discussion.  A  brief  listing  is  made, 

1.  Using  concepts  from  the  theoretical  anlaysis  of  Truesdale's  con¬ 
cerning  the  velocity  of  small  stress  waves  in  a  pre- stressed  metal  (as 
used  by  Bell  for  plastic  waves)  fracture  times  have  been  calculated  at 
10“”*  to  10' ^  seconds  in  the  copper  specimens  just  discussed. 

L.  Results  from  low  strain  rate  tests,  where  motion  pictures  have 
been  taken  of  the  necked  section,  (seen  in  Figure  8),  show  the  necked 
region  to  be  volume  consistent  during  deformation.  The  neck  region  is 
analyzed  for  strain  changes  during  deformation,  and  a  high  velocity  stress- 
strain  curve,  seen  in  Figure  9,  is  used  to  analyze  the  energy  required 
for  fracture  of  the  necked  down  specimens  subjected  to  explosive  loading 
(previous  section).  Preliminary  results  have  shown  that  spall  and  frac¬ 
ture  are  stress- time  dependent,  and  not  a  function  of  stress  only, 

3.  The  last  point  that  will  be  mentioned  concerns  hypervelocity  im¬ 
pact.  Curve  A  in  Figure  9  is  a  high  rate  curve,  generated  from  normal 
slow  rate  data  shown  in  Figure  9,  Curve  B.  In  hypervelocity  impact, 
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metal  is  deformed  m  a  region  around  the  crater.  (See  Figure  10).  By 
using  tin*  curves  m  Figure  '),  and  analyzing  tin*  targets  for  strain  distribu¬ 
tions  in  tin-  affected  rubious  and  tin*  remainder  of  the  block,  an  energy  bal- 
aiHT  lias  been  obtained,  between  incoming  energy  in  the  pellet  and  energy 
used  in  the  target.  The  balance  is  within  experimental  error;  3%.  There¬ 
fore,  not  only  has  a  method  been  derived  for  analyzing  metal  target  reaction 
to  hype  rvelocity  impact,  but  we  are  now  in  a  position  to  predict  reactions 
in  untested  targets. 

In  conclusion,  it  appears  that  the  problem  of  high  velocity  metal  defor¬ 
mation  may  be  attac  ked  in  a  fairly  confident  manner  through  examination  of 
low  velocity  data.  A  few  simple  correlations  have  been  derived  from  theo¬ 
retical  and  experimental  considerations. 

It  remains  to  carry  the  data  further  in  obtaining  more  exact  quantitative 
correlations,  arid  to  derive  rules  that  may  be  used  to  make  general  predic¬ 
tions  concerning  high  velocity  metal  reactions.  At  the  same  time,  methods 
will  have  to  be  found  to  incorporate  the  type  of  results  and  analyses  dis¬ 
cussed  here  into  formal  non-linear  mechanics  theory, 
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SENSITIVITY  OF  STRESS- STRAIN  CURVES 
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CROSS-SECTION  OF  A  COPPER  CYLINDER  IMPACTED  BY  A 
0.18  GRAM  PELLET  AT  5  KM/SECOND 
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RESPONSE  OK  CYLINDRICAL  SHELLS 
EXPOSED  TO  EXTERNAL  BLAST  LOADING 

William  J  .  Sdmnun,  .1  r .  :;- 


Al'iS  I'RACT 

A  method  of  predicting  perntaiifiil  deformation  of  thin-walled  unstilfened 
cylindrical  shells  exposed  to  external  blast  loading  from  charges  of  high 
explosive  is  presented.  Empirical  relations  are  derived  from  a  series  of 
firings  commoted  primarily  at  the  Aberdeen  Droving  Ground,  against  scab  d 
shells.  The  average  deviation  between  predicted  and  actual  pressures  is 


INTRODUCTION 

I  he  Terminal  Ballistics  Laboratory  of  the  USA  Ballistic  Research  Lab¬ 
oratories  has  as  part  of  its  mission  the  determination  of  the  response  of 
structures  to  blast  loading.  An  investigation  of  the  response  of  thin-walled 
cylinders  to  external  blast  loading  was  initiated  as  a  basic  study  of  simple 
structures  that  have  many  practical  applications. 

A  survey  of  previous  work  indicated  tha|  some  analytical  studies  had 
been  made  by  Brooklyn  Polytechnic  Institute  and  Columbia  University.  “ 
However,  the  loading  and  boundary  conditions  were  not  those  of  interest 
and  there  was  no  experimental  correlation.  The  Space  Technology  Labor¬ 
atories^  have  conducted  tests  on  Mylar  cylinders,  but  their  loadings  were 

uniform  and  the  rise  times  were  much  slower  than  those  obtained  from 

4 

blast.  AVCO  Corporation  has  used  sheet  explosive  applied  to  segments 
of  the  surface  of  a  cylinder  to  obtain  deformation.  Southwest  Research 
Institute  has  also  looked  at  this  problem  but  the  experimental  work  was 
conducted  with  one  model,  Suffield  Experimental  Station^  is  investigating 
the  details  of  blast  loading  of  various  simple  structures  including  cylinders. 

It  was  determined  that  the  first  part  of  this  investigation  be  concerned 
with  the  development  of  an  empirical  method  of  predicting  the  required  pres¬ 
sure  necessary  to  cause  permanent  deformation  to  a  spectrum  of  cylindrical 
configurations  and  materials.  This  paper  presents  the  first  results  of  this 
phase  of  the  investigation. 


William  J.  Schuman,  Jr.,  Aeronautical  Research  Engineer,  T  rminal 
Ballistics  Laboratory,  Ballistic  Research  Laboratories,  Aberdeen 
Proving  Ground,  Maryland. 


l'KST  ARRANGEMENT  AND  I  'ROCK  I  )U  R  !•: 


The  cylindrical  shells  are  fabricated  from  1040  hot-rolled  steel  sheet 
and  2SO  and  5032-1118  aluminum  foil.  The  steel  shells  are  formed  and 
butt-welded  while  the  aluminum  shells  are  soldered  or  taped  depending  on 
thickness.  The  shells  areclampes  over  heavy  end  caps  with  a  heavy  rod 
through  the  center  of  these  caps  to  minimize  bending.  A  typical  shell  spe¬ 
cimen  is  shown  in  Figure  1.  The  diameters  vary  from  3  to  34  inches,  the 
lengths  from  2  to  47.  23  inches,  the  thicknesses  from  0.  003  to  0.  13fe  inches; 
giving  diameter-to-thickness  ratios  of  60  to  2000  and  length-to- diameter 
ratios  of  0.  67  to  10.  Many  of  the  shells  are  geometrically  scaled.  The 
dimensions  of  the  shells  are  listed  in  Table  I. 

The  shells  are  mounted  at  a  height  of  8  feet  to  minimize  ground  effects 
as  shown  in  Figure  2.  They  are  oriented  so  that  the  blast  loading  impinges 
on  the  shells  either  along  a  line  pe  rpendiculat  to  the  longitudinal  axis-lat¬ 
eral  loading  or  along  an  extension  of  the  longitudinal  axis-longitudinal  load¬ 
ing.  A  nose  cone  is  added  to  the  shell  for  the  longitudinal  loading  orienta¬ 
tion  to  minimize  disturbance  of  the  flow. 

The  blast  loading  is  provided  by  charges  of  high  explosive  ranging  in 
weight  from  one  pound  to  79,  000  pounds.  The  smaller  weights  are  bare 
spherical  Pentolite  while  the  larger  charge  weights  are  bare  blocks  of  TNT. 
The  smaller  charges  are  suspended  as  shown  in  Figure  2  while  the  larger 
charges  are  placed  on  the  ground. 

The  free  air  blast  parameters;  overpressure,  impulse  and  duration 
are  determined  by  use  of  tabulated  data  and  measured  by  piezoelectric 
gages  for  the  larger  charges. 

A  number  of  shell s  are  positioned  about  a  charge  at  pressure  levels 
that  will  not  cause  permanent  deformation.  The  distances  between  the 
shells  and  the  charge  are  decreased  until  optimum  permanent  deformation, 
approximately  10%  of  the  diameter  is  obtained. 

RESULTS 


The  values  of  pressure  and  impulse  were  determined  at  those  distances 
for  which  optimum  deformation  was  obtained.  The  values  for  lateral  load¬ 
ing  are  listed  in  Table  I  along  with  the  shell  dimensions  and  are  plotted  in 
Figure  3.  Iso-damage  curves  are  drawn  through  those  points  that  repre¬ 
sent  various  combinations  of  pressure  and  impulse  for  equivalent  deforma¬ 
tion  of  a  given  material  and  shell  configuration.  (See  points  2-3-4-5,  14-15-16, 
38-39-40,  etc.  )  These  curves  are  the  boundaries  between  the  damage  and 
no-damage  regions.  The  relationship  between  pressure  and 


RESIONSK  OF  CYLINDERS  EXPOSED  TO  EXTERNAL  BLAST  LOADING 
TABLE  I.  PRESSURE-IMPULSE  DATA  FOR  LATERAL  LOADING 


Charge  Charge  Incident  Incident 


Dia. 

Length 

Thicknens 

Weight 

Dint. 

PreuBure 

Impulse 

Cyl. 

D 

L 

t 

w 

d 

}‘l  v 

.  Il 

No. 

(in) 

(in) 

(in) 

(lb) 

(ft) 

D/t 

L/D 

Material 

(pal)  1 

(psl-msec 

1 

3 

6.0 

0.019 

389 

29.0 

158 

2.0 

Steel 

48.5 

86.0 

2 

3 

8.62 

0.019 

1.1 

2.5 

158 

2.87 

1040 

159 

15-5 

3 

3 

8.62 

0.019 

8.4 

7.0 

158 

2.87 

82.4 

26.9 

4 

3 

8.62 

0.019 

64 

16.0 

158 

2.87 

58.0 

48.8 

5 

3 

8.62 

0.019 

389 

33.8 

153 

2.87 

41.0 

85.5 

6 

3 

11.62 

0.019 

1.1 

3.0 

158 

3.87 

118 

14.5 

T 

3 

11.62 

0.019 

8.4 

8.0 

158 

3.87 

60.3 

25.4 

8 

3 

14.62 

0.019 

1.1 

3-5 

158 

4.87 

82.4 

13.4 

9 

3 

14.62 

0.019 

8.3 

9.0 

158 

4.87 

44.8 

21.6 

10 

3 

18.0 

0.019 

389 

46.0 

158 

6.0 

17.4 

65.O 

11 

3 

8.62 

0.035 

8.4 

4.5 

86 

2.87 

213 

32.6 

12 

3 

9.00 

0.035 

389 

23.9 

86 

3.0 

94.0 

101 

13 

6 

18.0 

0.019 

389 

44.0 

79 

3.0 

21.8 

67.O 

14 

6 

17.50 

0.035 

8.4 

5-8 

172 

2.91 

130 

29.6 

15 

6 

17.50 

0.035 

64 

14.0 

172 

2.9I 

79-2 

52.0 

16 

6 

18.0 

0.035 

389 

28.0 

172 

3.0 

63.0 

92.0 

IT 

6 

17-50 

0.076 

8.4 

3.0 

79 

2.91 

463 

35-5 

18 

6 

17.50 

0.076 

64 

9.0 

79 

2.91 

209 

64 .0 

19 

6 

18.0 

0.076 

389 

lfl.O 

79 

3-0 

147 

110 

20 

12 

35.38 

O.O76 

389 

25.0 

153 

2.94 

83.8 

98.8 

21 

12 

35.38 

0.136 

389 

15.0 

88 

2.94 

1 

r 

257 

118 

22 

24 

47.25 

0.136 

389 

25.0 

176 

I.98 

l 

'  83.8 

98.8 

23 

2.5 

4.5 

0.008 

54.5 

23-1 

313 

1.8 

Tin/Steel 

19.7 

33.2 

24 

6 

24.0 

0.018 

79,000 

- 

333 

4.0 

Aluminum* 

11.5 

200 

25 

7.5 

7-5 

O.O63 

389 

25.0 

119 

1.0 

Aluminum* 

83.8 

93.8 

26 

7.5 

7-5 

0.125 

389 

16.0 

60 

1.0 

Aluminum* 

242 

117 

27 

3 

6.0 

0.003 

589 

178 

1000 

2.0 

Aluminum 

1.87 

17.5 

28 

3 

9-0 

0.003 

589 

200 

1000 

3-0 

505: 

1  H-38 

1.76 

15.7 

29 

3 

9-0 

0.006 

389 

106 

500 

3-0 

4.26 

29.2 

30 

3 

30.0 

0.006 

389 

172 

500 

10.0 

1.94 

18.2 

31 

6 

18.0 

0.003 

389 

350 

2000 

3.0 

1 

0.82 

9.60 

32 

6 

18.0 

0.006 

389 

150 

1000 

3.0 

2.47 

21.2 

33 

3 

9.0 

0.006 

1.1 

16.0 

500 

3.0 

Aluminum 

3-53 

3-90 

34 

3 

9.0 

0.006 

15.0 

60.0 

500 

3.0 

2SO 

1.91 

5-93 

35 

3 

9.0 

0.006 

389 

275 

500 

3.0 

1.07 

11.7 

36 

3 

12.0 

0.006 

1.0 

20.0 

500 

4.0 

2.57 

3-06 

37 

3 

9.0 

0.010 

15.0 

40.7 

300 

3.0 

3-24 

8.58 

38 

3 

9.0 

0.012 

1.1 

10.0 

250 

3.0 

7.94 

6.02 

39 

3 

9.0 

0.012 

15.0 

15.0 

250 

3.0 

3-97 

10.1 

40 

3 

9.0 

0.012 

589 

160 

250 

3.0 

2.07 

19.7 

41 

6 

6.0 

0.012 

389 

160 

500 

1.0 

2.07 

19.7 

42 

6 

11.0 

0.012 

389 

200 

500 

1.8 

1.76 

15.7 

# 

Type  ol' 

Aluminum 

unknown 

4  ‘>6 


FIG.  I  ~  TYPICAL  SHELL  SPECIMEN 


LATERAL  LOADING 
ORIENTATION 


ih.ilgr  Vnght  I  at:  1)1'  (Irlr  I'lnilH'il  Irolll  these  i  urvus. 

I  lu'  dash-dot  lines  rimiiri  I  points  representing  only  a  change  ol  slicll 
length.  (Son  points  J, - 1>- K ,  3-7-9,  etc.).  The  relationship  between  pres¬ 

sure  and  length  or  pressure  and  length-to-di uinete r  ratio  can  he  determined 
lrom  these  curves.  The  relationships  between  pressure  and  diameter, 
thickness  and  material  can  also  he  determined.  • 

There  are  two  basic,  types  of  deformation  patterns  from  lateral  loading. 

The  thicker  shells  deform  in  one  lateral-type  pattern  as  shown  in  Figure  4. 

This  pattern  becomes  deeper  and  spreads  toward  the  end  caps  as  the  pres-  * 

sure  is  increased.  The  thinner  shells  deform  in  a  number  of  longitudinal 
lobes  which  increase  in  length  and  number  with  the  pressure.  The  first 
lobe  is  shown  in  Figure  5. 

« 

The  near  vertical  dotted  lines  shown  in  Figure  3  indicate  that  the  "geo¬ 
metrical"  modeling  laws  apparently  hold  for  these  large  deformations.  Re¬ 
ferring  to  Figure  3,  Figure  b  and  Table  I:  point  3  represents  a  cylinder  of 
given  geometry  (3"  dia.  ,  8.  6Z"  length,  0.  019"  thickness)  with  a  charge 
weight  of  8.4  lb.  positioned  at  a  distance  of  seven  feet.  Using  a  model  or 
scale  factor  of  Z  we  would  expect  equivalent  deformation  of  a  cylinder  whose 
dimensions  have  been  multiplied  by  the  scale  factor  Z  (point  15:  6"  dia.  , 

17.  50"  length,  0.0  35"  thickness)  with  a  charge  weight  of  64  lbs.  (that  is;  * 

W  oc  dw ^  or  dwQC  \V  W  and  d  (X  V  8.  4  oC  Z  and  therefore  W ,CX.  K^x 

■i  y  3  v  W  V  4 

dw  oC  Z  X  Z  °C  64)  located  at  a  distance  of  7  x  Z  -  14  feet.  These  two 

points  do  represent,  equivalent  deformation  as  does  point  Z0  on  the  same  • 

curve  and  as  do  points  Z-14  and  11-18  on  their  respective  dotted  curves. 

There  are  only  two  data  points  lor  longitudinal  loading.  These  indicate 
that  the  critical  pleasures  for  lateral  loading  must  be  multiplied  by  a  factor  • 

ol  where  3.1  <C  A  5.  6. 

The  relationships  between  the  critical  pressure  and  the  various  para- 

* 

meters  have  been  determined  empirically  and  a  graphical  presentation  made 
so  that  the  critical  pressure  may  be  determined  if  the  material  and  geometry 
of  the  shell  and  the  charge  weight  are  known.  The  necessary  curves  arc 
shown  in  Figures  7  and  8. 

The  three  curves  of  Figure  7  are  plots  of  the  length- to-diametor  ratio- 
L/D  vs.  critical  incident  pressure- p-  for  the  three  materials  tested:  steel 
and  the  two  aluminums.  Each  of  the  three  curves  is  based  on  a  change  of  * 

W  D  for  a  constant  charge  weight  of  one  pound,  a  diameter  of  three  inches 
and  a  constant  thickness:  steel  -  0.  019  in.  and  aluminum  -  0.  006  in. 
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1'hi  i  1 1  ii  i  i  l  mi .  I  .ii  1 1 1 1  ;»  hr  \  .1  r  i  ,tl  1  <  ms  ul  t  hr  sc  three  |>ar  dinetc  r  s :  di  - 
ami  ter  thu  lines',  and  t  halite  cceight  are  given  in  Figure  8.  The  required 
pressure  would  then  he 


whe  re 


P  -  p  K  K  K,. 

t  r  1  i  w  t 

P  r  i  I  'u  al  p re  ssu re 
p  -  Incident  Pressure  (Fig.  7) 

K  mr  rec lion  factor  fur  charge  weight  (Figure  8) 
-  correction  factor  for  thickness  (Figure  8) 

Kj)  -  corret  ti on  factor  tor  diameter  (Figure  8) 


As  an  example  consider  shell  16: 


It  is  steel  and  L/D  ■  3.  (J,  p  -  154  psi 

Also  1)  6.  0  l>/  1  xlOs  ZO  and  c  0.  87 

t  -  0.  t!  16  - ! -  x  10  -  x  10  =  18.  4  and  Kt=  2. 

0.019  0.  019  1 

W  -  189  Kw  .  0.  Z79 

The  refute  P  r  -  Pj  Kw  Kpj 

-  (144)  (0.  Z79)  (0.  035)  (0.  57) 

Pc  -  6 1.  Z  psi 

The  actual  pressure  was  pj  -  61.0  psi.  Therefore,  the  deviation  of  the  pre¬ 
dicted  value  from  the  actual  value  is  0.3%. 


The  average  deviation  between  predicted  and  actual  pressures  is  6%. 
with  a  spread  of  -Z0 %  to  46%. 

CONCLUSIONS 


The  first  phase  of  an  investigation  of  the  response  of  thin  walled  cylin¬ 
ders  exposed  to  blast  loading  has  resulted  in  an  empirical  method  of  pre¬ 
dicting  the  critical  pressure  required  to  cause  permanent  deformation.  The 
correlation  of  pre  dieted  and  actual  pressures  is  good  with  an  average  de¬ 
viation  of  6%. 

Further  testing  is  planned.  A  series  of  10  to  1Z  firings  in  the  1000  lb. 
to  30,  000  lb.  c  harge- weight  region  will  be  conducted  at  the  Yuma  Test 
Station  the  latter  part  of  196Z.  It  is  anticipated  that  additional  data  will  be 
obtained  by  participation  in  the  500  ton  firing  to  be  conducted  in  Canada 
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during  the  S|in>nifr  of  I'M)  i.  Some  preliminary  work  lias  begun  on  instru¬ 
menting  the  shells  with  strain  and  pressure  gages  for  more  precise  deter¬ 
minations  of  response  and  loading.  These  results  will  be  used  in  the  con¬ 
current  analytical  studies. 

This  study  is  sponsored  by  the  Defense  Atomic  Support  Agency. 
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DISCUSSION 


Francis  B.  Paca,  U.  S.  Army  PRDL,  Ft,  Belvoir,  Va:  I  would  hazard  a 
guess  that  your  higher  pressures  and  your  larger  L/ D  rate  shows  that  you 
have  quite  a  differential  pressure  from  the  front  to  the  end  of  the  cylinder. 
Have  you  ever  tried  this  same  thing  in  the  shock  tube  where  there  is  no 
change  in  pressure" 

Mr.  Schuman.  You  are  speaking  about  the  longitudinal  loading? 

Mr.  Paca:  Yes,  sir. 

Mr.  Schuman:  We  have  done  very  little  firing  with  longitudinal  loading. 

Most  of  it  has  been  done  with  lateral  loading.  We  will  probably  run  into  a 
problem  when  we  get  into  the  longitudinal  loading. 

Ulrie.  S.  Lindholm.  Southwest  Research  Institute:  I  have  a  two-part  question. 
First,  how  did  you  manufacture  the  thin-walled  cylinders?  And  secondly, 
what  effect,  it  any,  did  eccentricity  of  the  cylinder  have  on  the  buckling 
pressures? 

Mr.  Schuman:  The  steel  cylinders  we  tested  so  far  were  cold-rolled  and 
butt-welded.  The  aluminum  ones,  being  very  thin  foil,  were  rolled  and  we 
used  an  army  gun  tape  to  hold  them  together.  Since  we  were  firing  the  lat¬ 
eral  orientation,  we  have  put  the  seam  on  the  back  side,  away  from  the 
charge,  and  it  did  not  effect  our  results.  We  have  obtained,  after  many 
months,  very  thin  seamless  aluminum  tubing.  But  it  is  quite  a  procure¬ 
ment  problem  to  get  it  thin  enough  to  be  of  practical  use  to  us.  We  have 
not  checked  the  eccentricity.  We  have  conducted  a  fairly  simple  test  for 
now  and  we  were  pleased  that  the  results  have  turned  our  as  well  as  they 
have.  We  hope  when  we  get  tin*  instrumented  test,  that  they  will  show  as 
well . 


PHOTOELAST1C  STUDIES  OE  DYNAMIC  STRESSES 
IN  LOW  MODULUS  MATERIALS 

P.  D.  Flynn*,  J.  T.  Gilbert**,  A.  A.  Roll*** 


ABSTRACT 

In  I960,  the  Frankfort!  Arsenal  began  a  new  program  in  dynamic  photo¬ 
elasticity  using  low  modulus  materials  subjected  to  either  mechanical  or  ex¬ 
plosive  loads.  High-speed  photographic  techniques  were  used  to  obtain  full- 
image  dynamic  stress  patterns  at  approximately  7500  pictures  per  second  and 
exposures  of  1.  J  psec.  Recently,  a  dual-polariscope  was  designed  for  obtain¬ 
ing  simultaneous  views  of  a  specimen  at  normal  and  oblique  incidence.  This 
paper  reviews  the  techniques  developed  tor  this  work,  discusses  the  results 
of  fundamental  studies  on  stress  distributions  under  dynamic  conditions,  and 
outlines  future  plans. 

INTRODUCTION 


When  using  high-speed  photography  in  dynamic  photoelasticity,  the  ex¬ 
posures  must  be  short  enough  to  "stop"  the  motion,  and  the  exposure  time  re¬ 
quired  to  prevent  blurrino-of  the  image  can  be  calculated  from  the  speed  of 
stress  waves,  e.g.,  c  -  -  for  longitudinal  waves,  where  E  is  Young's  mod¬ 

ulus  and^is  the  density/ 'In  order  to  resolve  higher  order  fringes,  monochro¬ 
matic  light  must  be  used  because  white  light  and  colored  stress  patterns  "wash¬ 
out"  for  fringe  orders  greater  than  about  five.  These  two  requirements  of 
dynamic  photoelasticity,  namely  short  exposures  and  monochromatic  light,  make 
it  somewhat  difficult  to  obtain  satisfactory  dynamic  stress  patterns. 

In  spite  of  these  difficulties,  there  has  been  a  good  deal  of  interest  and 
activity  in  dynamic  photoelasticity  over  the  past  thirty- five  years,  and  even  a 
partial  list  of  recent  papers  is  rather  extensive  (1-8,  10-13).  One  approach  is 
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to  use  "solt1  or  low  modulus  photoelastic  materials  m  which  the  speed  of 
stress  waves  is  relatively  slow  (  i  0.  OOZ  in/xisec)  ajid  conventional  high¬ 
speed  photography.  Using  a  Kustax  Camera,  Perkins  photographed  stress 
waves  in  photoelastic  ruhher  and  Dally,  Riley,  and  Durelli  recommended 
urethane  rubber  for  dynamic  studies.  Another  approach  is  to  use  "hard"  or 
high  modulus  photoelastie  materials  (c^O.l  in/jiscc)  and  ultra- high- speed 
photography .  Christie  ^  and  Wells  and  Post  *  used  a  multiple- spark,  multiple- 
lens  camera  of  the  C  ran /.-Sc  hardin  type;  Feder,  Gibbons,  Gilbert,  and 
Offenbacher  used  tin-  Beckman  and  Whitley  high-speed  framing  camera; 
and  Frocht  and  Flynn  l):  '  employed  the  method  of  streak  photography.  A 
third  approach  is  to  use  photoelastic  coatings,  and  Cole,  Quinlan,  and 
Zandman  ^  used  this  technique  with  the  Beckman  and  Whitley  189  camera. 


In  general,  the  results  obtained  by  dynamic  photoelasticity  have  been 
limited  mainly  to  free  boundary  stresses  and  to  interior  secondary  maximum 
shears.  The  determination  of  the  individual  components  of  stress  is  a  fun¬ 
damental  problem  in  photoelasticity,  and  the  method  of  oblique  incidence 
used  by  Drucker^  to  separate  the  principal  stresses  under  static  conditions 
is  direct  and  promising  for  dynamic,  work  because  it  requires  only  the 
measurement  of  fringe  orders,  This  method  was  used  by  the  authors  to 
deter1  line  the  principal  stresses  in  a  low  modulus  photoelastie  material 
subjected  to  either  mechanical  or  explosive  loads,  ’  ’ 


This  paper  deals  with  the  results  of  basic  research  in  dynamic  photo¬ 
elasticity  and  with  studies  of  stress  wave  propagation  and  impact  phenomena 
in  two-dimensional  configurations.  The  objectives  were  to  develop  new 
techniques  in  dynamic  photoelasticity  and  high-speed  photography  and  to  ob¬ 
tain  new  information  on  stress  distributions  under  dynamic  conditions.  A 
knowledge  of  such  stresses  is  of  fundamental  importance  in  theories  of 
strength  and  rational  design. 


PART  I 

NORMAL  AND  OBLIQUE  INCIDENCE  PHOTOGRAPHS  FROM  REPEATED  TESTS 
Equipment  and  Techniques 

Pol ari scope .  A  lens-type  polariscope  was  designed  and  assembled 
for  this  work.  Figure  1(a)  is  a  sketch  showing  the  arrangement  of  the  op¬ 
tical  elements  of  the  polariscope  and  the  mechanical  loading  system,  where¬ 
as  Figure  1(b)  is  a  photograph  of  the  polariscope  with  the  explosive  loading 
system.  The  light  source  was  a  direct  current  (7.3  amps,  ZZO  volts),  small 
arc  (4.  5  x  Z.  3mm),  300  w.  mercury  lamp  (Osram,  Type  HBO  300)  which 
operated  in  series  with  a  ballast  resistor  (ZZ  ohms).  The  lamp  was  placed 
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at  tin1  locus  of  a  condenser  lens  (8"  diameter,  10"  focal  length)  which  gave 
a  collimated  field  having  an  efficient  use  of  the  available  light.  The  polar¬ 
izer  and  analyzer  were  made  from  a  sheet  of  plastic  laminated  circular 
polarizer  (Polaroid,  Type  HNCP  37).  A  collector  lens  (8"  diameter,  18" 
focal  length)  was  used  to  converge  the  light  into  the  camera  lens,  and  in 
order  to  obtain  a  uniform  field,  the  camera  lens  was  placed  at  the  focus 
of  the  collector  lens.  The  camera  lens  (Wollensak,  WF-100A,  25.4mm, 
f/2.  3)  was  chosen  so  that  the  image  of  the  model  filled  the  available  frame 
in  the  camera. 


Mechanical  Loading  System.  The  mechanical  loading  system  sketched 
in  Figure  1(a)  consisted  essentially  of  a  platform  to  support  the  model  and 
an  impact  rod  for  striking  the  specimen.  The  impact  rod  was  guided  by  a 
vertical  ball  bushing,  and  the  height  of  fall  or  drop  was  adjusted  by  changing 
the  position  of  the  electromagnet.  Rods  of  different  length  and  weight  were 
used  to  vary  the  intensity  of  the  loading.  The  striking  end  of  the  impact 
rod  was  designed  to  apply  a  uniform  load  across  the  full  thickness  of  the 
model,  and  the  design  used  depended  on  the  configuration  of  the  specimen 
under  test.  A  typical  impact  rod  is  shown  in  Figure  2. 

Explosive  Loading  System.  Explosive  loads  were  applied  to  a  photo¬ 
elastic  model  placed  inside  a  metal  firing  box  equipped  with  safety  glass 
windows,  Figure  1(b).  The  axis  of  symmetry  of  the  photoelastic  model  was 
placed  in  line  with  the  axis  of  the  firing  head  assembly,  and  after  aligning 
the  model,  the  vertical  position  of  the  firing  head  was  adjusted  so  that  it 
was  just  in  contact  with  the  top  of  the  specimen.  Explosive  loading  was  pro¬ 
duced  by  a  one  grain  M52A5  electric  primer  which  was  detonated  by  135  volts 
D.C.  Details  of  the  firing  head  assembly  are  shown  in  Figure  2.  The  blast 
from  the  primer  was  transmitted  directly  to  the  model  through  a  3/16"  hole, 
and  a  slot  1/16"  wide  and  1/16"  deep  in  the  end-piece  was  used  to  distribute 
the  load  across  the  thickness  of  the  specimen  in  order  to  obtain  plane 
loading. 

Camera.  A  Fastax  high-speed  motion  picture  camera  (Wollensak, 

WF3,  16mm)  equipped  with  a  0.003"  slit  aperture  plate  was  used.  The  slit 
decreased  the  exposure  time  and  also  reduced  the  height  of  the  frame  by  50 
percent.  With  a  standard  aperture  plate,  the  exposure  time  is  1/3  of  the 
interval  between  pictures,  e.  g.  ,  at  7500  pictures  per  second  (pps),  the  in¬ 
terval  is  133usec  and  the  exposure  is  44^isec.  With  a  slit  aperture,  the 
manufacturer  gives  the  equivalent  exposure  in  microseconds  as  1/BS  where 
B  is  the  camera  ratio  (100  for  the  16mm  camera  with  a  0.  003"  slit)  and  S 
is  the  camera  speed  in  pps.  For  typical  operating  conditions  of  7500  pps, 
exposures  of  1.  3^.iscc  were  obtained.  Such  short  exposures  were  more  than 
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adequate  fur  photographing  stress  waves  in  low  modulus  photoelastic  mater¬ 
ials.  Dynamic  stresses  have  also  been  photographed  in  hard  materials  by 
using  slit  apertures  in  the  Fastax  camera,^.  A  Fastax  "goose"  control 
(Model  WF-301)  was  used  to  operate  the  camera  and  to  synchronize  the  event. 

Photographic  Techniques.  In  order  to  obtain  monochromatic  light 
(5461,?)]  eithe r  Corning  (No.  4 - 1 OZ )  or  Wratten  (Nos.  58  and  77A)  filters 
were  placed  in  front  of  the  camera  lens,  and  essentially  the  same  results 
were  obtained  with  either  type  of  filter.  Kodak  Double-X  and  Tri-X  films 
were  used,  and  for  our  lighting  conditions,  the  film  speeds  were  approxi¬ 
mately  equal.  Double-X  film  may  be  preferable  because  of  its  finer  grain 
characteristics,  but  Tri-X  film  also  gives  very  good  results.  Development 
in  either  D-72  or  D-76  gave  satisfactory  results,  but  D-72  is  preferred  when 
making  measurements  because  it  produces  a  higher  contrast  negative. 

Results  and  Discussion 


Square  Plate  Models.  Square  plates  resting  on  one  edge  and  loaded 
at  the  center  of  the  opposite  edge  were  tested  as  shown  in  Figure  3.  This 
figure  also  gives  the  notation  for  the  coordinate  axes  and  the  principal  stres¬ 
ses.  For  the  results  reported  in  Figures  4-7,  the  models  were  5-1/2"  square 
for  the  explosive  loads  and  6"  square  for  the  mechanical  loads.  The  photo¬ 
elastic  models  were  made  from  3/8"  thick  sheets  of  Hysol  8705,  a  urethane 
rubber  compound  supplied  by  the  Hysol  Corporation  of  Olean,  New  Y  ork. 

Stress  Patterns.  Typical  dynamic  photoelastic  stress  patterns  at  nor¬ 
mal  and  oblique  incidence  for  both  explosive  and  mechanical  loading  are 
given  in  Figure  4.  The  oblique  incidence  stress  patterns  were  taken  at  an 
angle  of  incidence  of  45°,  and  the  angle  betwee-  the  refracted  ray  and  the 
normal  to  the  model  was  27.9°.  A  Recordar  Ph..ri  Reader  was  used  to  study 
the  individual  frames,  and  these  were  enlarged  twenty  times  and  then  viewed 
through  a  2.  5x  magnifier.  In  the  explosive  loading,  Figures  4(a)  and  4(b), 
only  the  leading  fringes  could  be  resolved  during  the  first  few  frames,  and 
the  full  stress  pattern  did  not  become  reasonably  clear  until  the  fifth  frame. 
By  the  ninth  frame  the  initial  stress  wave  had  crossed  the  plate  and  was 
being  reflected  from  the  support.  For  this  type  of  loading  only  the  first 
ten  frames  were  analyzed.  Figure  5  gives  the  fringe  order  distributions  on 
the  line  of  stress  symmetry  for  the  stress  patterns  in  Figure  4(a).  The 
stress  patterns  under  mechanical  loading,  Figures  4(c)  and  4(d),  were  re¬ 
latively  easy  to  read,  and  the  first  thirty  frames  were  analyzed. 

Fringe  Order  vs.  Time  Curves,  The  time  at  which  the  event  began 
(i.e.  ,  time  zero)  was  determined  by  plotting  the  position  of  the  first  half 
order  fringe  versus  frame  number,  where  Frame  No.  0  was  taken  as  the 
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last  picture  without  a  htri  ss  pattern.  Figure  (>  gives  the  results  for  nor¬ 
mal  incidence  tor  both  explosive  and  mechanical  loading.  With  explosive 
loading,  it  is  seen  that  the  leading  lringe  travels  approximately  twice  as 
fast  as  it  does  with  mechanical  loading.  Furthermore,  under  explosive 
loading  the  velocity  id  propagation  of  the  leading  fringe  decreases  some¬ 
what  with  increasing  frame  number,  whereas  under  mechanical  loading 
the  velocity  is  nearly  constant. 

Normal  and  oblique  incidence  photographs  were  obtained  from  repeated 
tests.  For  various  points  of  interest  oh  the  line  of  stress  symmetry,  fringe 
order  versus  time  curves  were  plotted  by  taking  fringe  order  data  from 
curves  of  the  type  shown  in  Figure  S  and  by  constructing  a  time  scale  start¬ 
ing  at  the  beginning  ol  the  event  and  using  the  interval  between  frames  as 
measured  from  timing  marks.  By  combining  the  fringe  orders  determined 
from  normal  and  oblique  incidence  at  a  given  point  and  at  the  same  time, 
it  was  then  possible  to  separate  the  principal  stresses. 

Oblique  Incidence  Method.  The  principal  stresses  pn  and  qn  in  fringes 
were  calculated  from  the  equations: 

Pn  -  Ctp  -  (n-ity  cos0  )/  sin^O 
qn  -  Ctq  -  (n  cos^fi  -  n  cos0  )/ sin^© 

where  G  is  the  stress-optic  coefficient,  t  is  the  thickness  of  the  model, 
p  q  arc  the  principal  stresses,  n  is  the  fringe  order  at  normal  incidence, 
ne  is  the  fringe  order  at  oblique  incidence,  and  0  is  the  effective  angle  of 
oblique  incidence.  These  equations  are  valid  for  a  rotation  about  the  q-stress, 
(10). 


(1) 

U) 


Principal  Stresses  in  Square  Plates.  The  principal  stresses  at  the 
center  of  the  square  plates  are  given  in  Figure  7  for  both  explosive  and  me¬ 
chanical  loading.  The  stresses  were  calculated  for  the  period  cf  time  that 
it  took  the  initial  stress  wave  to  cross  the  plate  and  reflect  from  the  sup¬ 
ported  edge.  It  is  seen  that  the  stresses  due  to  explosive  loads  develop 
much  more  rapidly  than  those  due  to  mechanical  loads.  From  other  tests, 
the  duration  of  the  one  grain  M5ZA5  electric  primers  was  found  to  be  ap¬ 
proximately  350jisec.  Thus  the  explosive  loading  time  was  short  compared 
with  the  time  for  the  passage  of  the  stress  wave  across  the  plate,  and  peak 
stresses  occurred  during  the  passage  of  the  first  stress  wave.  The  duration 
of  the  mechanical  impact,  i.e.  ,  the  time  that  the  impact  rod  was  in  contact 
with  the  model,  was  approximately  12.  8msec.  Thus  the  mechanical  loading 
time  was  long  compared  with  the  time  for  the  passage  of  the  stress  wave, 
and  the  maximum  stresses  occurred  at  times  later  than  those  shown  in 
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(a)  Explosive  Loading  as  in  Figures  4(a)  and  5 

(b)  Mechanical  Loading  as  in  Figure  4(c) 
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Figure  7.  Additional  results  ale  given  111  (I)). 

Pri  ncipal  Stresses  m  Circular  Disk  and  Rectangular  Bar.  A  series 
of  impact  tests  were  made  on  a  ore  ular  disk  and  a  rectangular  bar  as 

*  sketched  in  Figure  8.  The  influence  of  the  height  of  fall  on  the  stresses  at 
the'  center  ot  the  circular  disk  are  shown  in  Figure  9.  It  is  seen  that  the 

•  magnitudes  ot  both  p  and  qn  increase  as  the  drop  increases,  and  the  dura¬ 

tion  of  impact  appears  to  be  nearly  independent  of  the  height  of  fall.  The 
effect  of  the  weight  of  the  impact  rod  on  the  stresses  at  the  center  of  the 
rectangular  bar  are  shown  in  Figure  10.  The  use  of  heavier  impact  rods 

*  and  a  fixed  drop  increases  the  magnitude  of  the  q  stresses  and  the  dura¬ 
tion  ot  impact  but  has  little  effect  on  the  average  values  of  the  p  stresses. 
Additional  results  are  given  in  ( 1 Z ) . 

*  PART  II 

SIMULTANEOUS  NORMAL  AND  OBLIQUE  INCIDENCE  PHOTOGRAPHS 

In  the  oblique  incidence  method,  the  equations  for  the  principal  stres¬ 
ses  involve  differences  between  quantities  of  the  same  magnitude  so  that 
small  errors  in  the  measurement  of  fringe  orders  may  lead  to  large  errors 
m  the  calculated  stresses.  When  normal  and  oblique  incidence  stress  pat- 

*  terns  are  photographed  from  repeated  tests,  the  results  are  subject  to  er¬ 
rors  due  to  lack  of  reproducibility  in  loading  as  well  as  difficulties  in  ob¬ 
taining  values  of  n  and  n  at  corresponding  times.  In  order  to  eliminate 

t  these  sources  of  error,  a  dual- polari scope  was  designed  so  that  normal  and 

oblique  incidence  stress  patterns  could  be  photographed  simultaneously. 

Dual  -  Polari  sc  ope 

The  dual  -polari scope  designed  for  photographing  both  normal  and  ob¬ 
lique  incidence  stress  patterns  from  a  single  test  on  the  same  piece  of  film 
is  shown  in  Figure  II.  It  consists  essentially  of  two  polariscopes  whose 

i  optic  axes  intersect  at  45  degrees  and  a  system  of  mirrors  for  putting  the 

projected  images  into  a  single  camera,  Figure  11(a).  The  condenser  lenses 
(Cp  8"  diameter,  9"  focal  length)  and  the  collector  lenses  (C^,  8"  diameter, 
17.8"  focal  length)  were  made  of  plastic  and  were  supplied  by  the  Fostoria 
Corporation  of  Huntingdon  Valley,  Pennsylvania.  A  camera  lens  of  shorter 
focal  length  (Wollensak.  WF-14ZA,  13mm,  f/1.6)  was  used  in  order  to  ob¬ 
tain  both  views  of  the  specimen.  The  other  optical  elements  and  photo- 
graphic  techniques  were  the  same  as  described  in  the  work  with  the  single 
polari  scope. 
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Photoelastic  Models 

(a)  Circular  Disk 

(b)  Rectangular  Bar 
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Principal  Stresses  in  Circular  Disk 
y/F.  =  0,  0.  52  lb.  impact  rod 


FIG.  9 
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Results  unci  Discussion 

Plate's  of  Hysol  K70S,  S"  square  as  in  Figure:  were-  subjected  to  ex¬ 

plosive  loading,  Figure  11(b),  using  one  grain  MhZAh  elee:tric  primers  as  be¬ 
fore-.  A  complete  sequence  of  simultaneous  normal  and  oblique  incidence 
stress  patterns  are  given  in  Figure  12  for  the  period  of  time  that  it  took  the 
*  initial  stress  wave  to  cross  the  plate  and  ri:flect  from  the  supported  edge. 

For  any  pair  of  stress  patterns,  the  fringe  orders  at  corresponding  points 
on  the  line  of  stress  symmetry  may  be  used  directly  in  Equations  ( 1 ,  Z )  to  de¬ 
termine  the  principal  stresses. 

In  order  to  compare  the  results  obtained  using  simultaneous  stress 
patterns  with  those  obtained  from  repeated  tests,  several  tests,  several 
tests  were  made  with  the  dual-polariscope  under  the  same  conditions  shown 
in  Figure  12.  By  using  normal  incidence  data  from  one  test  and  oblique  inci¬ 
dence  data  from  another  test,  the  effect  of  repeated  tests  with  a  single  polar- 
iscope  was  obtained. 

Using  Test  1  in  Figure  13  as  a  reference,  a  time  scale  was  constructed 
using  time  zero  as  determined  from  extrapolation  and  the  interval  between 
frames  as  measured  from  timing  marks.  For  a  given  frame  number,  note 
that  n  -  1/2  has  traveled  farther  into  the  specimen  than  n  =  1/2.  In  previous 
work  with  the  single  polariscope,  there  was  no  way  of  observing  this  effect. 

In  the  extrapolation  for  zero  time,  both  normal  and  oblique  incidence  data 
were  used,  but  even  so,  the  extrapolation  may  not  be  too  accurate.  In  order 
to  eliminate  this  as  a  possible  source  of  error  in  establishing  corresponding 
times,  the  position  of  n  =1/2  at  Frame  No.  2was  chosen  arbitrarily  in  Test 
1  to  establish  a  reference  point.  An  interpolation  procedure  was  then  used 
to  correlate  other  tests  with  this  reference  point.  Thus  in  Figure  13,  Frame 
No.  2  of  Test  2  occurred  earlier  than  Frame  No.  2  of  Test  1  by  an  amount 
At  as  indicated. 

Three  tests  were  made  for  the  conditions  shown  in  Figure  12,  and  the 
first  fifteen  frames  were  analyzed  in  each  test.  Fringe  order  versus  time 
curves  at  the  center  of  the  plate  are  given  in  Figure  14  for  both  normal  and 
oblique  incidence.  It  is  seen  that  the  spread  in  the  values  of  either  n  or  n@ 
is  approximately  one  fringe.  When  the  curves  of  n  and  ne  are  compared,  it 
is  seen  that  their  shapes  are  somewhat  similar,  and  it  is  important  to  note 
that  the  curves  from  the  three  tests  lie  in  the  same  relative  position  with 
respect  to  each  other.  It  would  thus  appear  that  the  intensity  of  loading 
(i.e.  ,  the  output  of  the  M52A5  electric  primers)  was  somewhat  different  in 
these  tests. 
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FIG.  13 


FRAME  NO. 


Extrapolation  for  Time  Zero, 
Interpolation  for  AT 
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Fringe  Order  vs.  Time  Curves 
(n  and  na>  t.hree  tests,  y/H  =  0,  5) 
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Thi'  principal  si  i'csm'S  witc  calculated  lor  all  three  lusts  using  simul- 
t.iiu'iuis  tl.il.i,  ami  llm  results  iroin  Tests  I  and  L  tor  the  stresses  at  the  cen¬ 
ter  of  the  plate  are  shown  m  Figure  IS.  It  Is  seen  that  both  p(J  and  qn  are  com¬ 
pressive  initially,  and  that  q  is  more  than  twice  as  large  as  pn.  After  HOO^sec, 
Pn  becomes  a  tensile  and  reaches  a  maximum  value  approximately  equal  in 
magnitude  to  its  earliei  compressive  value.  The  two  tests  are  rather  similar, 
and  the  differences  between  them  are  probably  due  to  differences  in  the  ex¬ 
plosive  loading. 

When  the  results  in  Figure  IS  from  simultaneous  data  are  compared 
with  those  in  Figure  7  from  repeated  tests,  it  is  seen  that  there  is  quite  a 
difference,  especially  in  the  pn-stress  which  is  always  tensile  in  Figure  7. 

This  discrepancy  would  seem  to  be  due  primarily  to  the  lack  of  reproduci¬ 
bility  in  the  loading.  For  example,  when  the  stresses  are  calculated  from 
repeated  tests  using  n  from  Test  1  and  nH  from  Test  3,  Figure  16,  the  re¬ 
sults  are  radically  different  from  those  in  Figure  16.  Although  the  results 
in  Figure  16  do  not  agree  with  those  in  Figure  7,  it  is  interesting  to  note  that 
this  procedure  for  calculating  the  stresses  in  Figure  16  nearly  removed  the 
initial  compressive  behavior  of  pn  shown  in  Figure  15,  and  it  gave  a  tensile 
behavior  somewhat  similar  to  that  shown  in  Figure  7. 

Further  Work 


As  previously  noted,  the  equations  for  separating  the  principal  stresses 
by  means  of  the  oblique  incidence  method  are  sensitive  to  small  errors  in 
the  measurement  of  fringe  orders.  Even  with  simultaneous  data,  the  use  of 
photographs  of  dynamic  stress  patterns  to  determine  fringe  orders  has  its 
limitations,  and  further  work  should  include  a  check  on  the  accuracy  of  this 
method  under  dynamic  conditions, 

13y  reporting  the  principal  stresses  in  units  of  fringes,  it  was  possible 
to  eliminate  calibrating  the  material  under  dynamic  conditions.  Although  the 
mechanical  and  optical  properties  of  Hysol  8705  were  studied  by  Dally,  Riley, 
and  Durelli  (Z)  who  found  that  the  stress-optic  coefficient  was  independent  of 
the  rate  of  loading  over  a  wide  range,  it  would  seem  that  further  work  should 
be  done  on  dynamic  calibration  before  applying  this  result  to  the  case  of  ex¬ 
plosive  loading. 

The  dual- polariscope  can  also  be  used  to  study  dynamic  stresses  in 
high  modulus  photoelastic  materials,  and  the  only  change  necessary  is  that 
faster  cameras  will  be  required.  An  extension  of  this  work  from  soft  to 
hard  materials  is  planned  in  order  to  study  the  influence  of  the  physical  pro¬ 
perties  on  dynamic  stress  distributions.  Such  information  will  bear  on  the 
problem  of  transition  from  stresses  in  photoelastic  materials  to  stresses  in 
structural  materials  under  dynamic  conditions. 
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STRESS,  FRINGES 


Principal  Stresses  in  Square  Plate 
(Dale  from  repeated  tests,  y/H  =  0.  S) 
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DISCUSSION 

Carl  A.  Fenstc  rmake  r,  National  Bureau  of  Standards:  I  was  wondering 
whether  in  si  tting  up  the  experiment  you  had  considered  using  an  eight¬ 
sided  prism  in  the  FASTAX  camera.  This  would  effectively  double  your 
picture  per  second  rate. 

Mr.  Roll:  Are  you  thinking  of  the  8  millimeter  camera? 

Mr.  Fenstermakcr:  No,  this  is  in  the  16  millimeter.  It  does  cut  your 
frame  size,  but  it  doubles  your  picture  per  second  rate. 

Mr.  Roll:  I  hadn't  heard  of  this  before  in  the  16  millimeter  FASTAX.  It 
is  interesting  to  note  and  I  think  we  will  look  into  it. 

Fred  W.  Warner,  White  Sands  Missile  Range:  Have  you  taken  any  color 
slides  or  color  movies  of  these  photo  stress  tests? 

Mr.  Roll:  Under  explosive  loading  as  noted  earlier,  the  fringe  orders  of 
greater  than  about  five  with  colored  film  and  color  stress  patterns  wash  * 

out  so  we  have  been  sticking  straight  to  monochromatic  light  and  using  a 
circular  polariscope  with  a  light  background. 

Mr.  Warner:  I  was  interested  in  any  other  tests  you  might  have  done.  We 
have  a  problem  of  taking  color  pictures  on  photostress  rather  than  working 
with  photoelastic  models,  and  I  thought  you  might  have  had  some  experience 
with  that. 

Mr.  Roll:  No,  none  at  all. 


* 
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A  PROPOSED  ME  THOD  FOR  THE  STUDY  OF  THE 
DYNAMIC  STRENGTH  OF  HIGH  STRENGTH  MATERIALS 

Francis  B.  Paca* 


ABSTRACT 


One  of  the  problems  which  may  face  today's  engineers  is  the  determina¬ 
tion  of  the  response  of  various  materials  to  dynamic  loads.  Currently 
there  are  several  ways  in  which  this  can  be  done  within  specific  limits  or 
combinations  of  loading  time,  loading  stress,  and  materials  characteris¬ 
tics.  However,  serious  problems  arise  when  several  types  of  different 
materials  of  very  high  strength  are  to  be  evaluated  for  dynamic  response 
to  short  loads  (i.  e.  ,  a  few  microseconds).  Under  these  conditions,  much 
of  the  current  equipment  cannot  produce  or  accommodate  one  or  more  of 
the  following:  the  short  loading  time,  the  missmatch  of  mechanical 
impedance  or  the  propagation  of  a  stress  wave  of  the  required  intensity. 

A  method  is  proposed  by  which  many  of  the  above  limitations  can  be 
overcome.  In  this  method  the  samples  of  the  material  under  study  are 
formed  into  flat  ended  cylinders  and  subjected  to  guided  impact  against 
a  massive  high  strength  target  block.  The  stress  is  calculated  from 
impact  velocity  and  the  mechanical  impedance  of  the  sample.  (J  -  Vo/(CP) 
The  loading  time  is  a  function  of  the  length  of  the  sample  and  the  elastic' 
wave  velocity.  Test  samples  of  a  given  length  are  fired  (one  time  per 
sample)  with  increased  velocity  until  failure  occurs  at  the  forward  or 
impacting  end.  This  determines  V  or  stress. 

The  proposed  method  is  not  without  limitations.  These  include:  The 
mechanical  impedance  is  assumed  to  remain  constant  over  the  entire 
range  of  Stress  ,  only  the  stress  is  under  study,  and  the  number  of 
samples  will  be  large  because  for  each  test  point  the  length  of  the  sample 
(i.  e.  ,  loading  time)  and  the  impact  velocity  (i.  e.  ,  stress)  must  be  in 
correct  combination. 

This  proposed  method  is  somewhat  similar  to  that  used  by  Taylor  and 
Whiffin  in  England  except  that  the  impact  velocity  is  substantially 
reduced.  For  example,  a  300,000  psi  steel  bar  would  fail  at  less  than 
200  feet/sec.  impact  velocity. 


*  Francis  B.  Paca,  Chief,  Applied  Research  Section,  Mine  Warfare  and 
Barrier  Branch,  USAERDL,  Fort  Bclvoir,  Virginia. 


(1)  For  electrually  amdurlmg  materials,  it  appears  possible  to  use  the 
time  of  i  ontaet  with  the  target  block  to  determine  the  dynamn.  value  of 
tlie  elastic  wave  veloi  lty  ,  lienee  mechanical  impedance. 

(2)  Taylor,  G.  I.  "The  use  of  flat  ended  projectiles  for  determining 
Dynamic  Yield  Stress"  lJroc  of  Royal  Soc.  (London)  Vol.  194A  -  Sept  48. 


In  this  paper  1  will  review  several  of  the  methods  for  subjecting 
various  materials  to  "so  called"  dynamic  loads,  and  point  al  the  limita¬ 
tions  as  relate  to  duration  of  loading,  or  material  characteristics.  A 
method  will  be  proposed  which  can  be  used  in  many  cases  where  other 
methods  can  not.  This  method  is  operationally  cumbersome  and,  as 
usual,  has  its  own  limitations. 

The  basic  objectives  of  dynamic  loading  tests  are  to  subject  a  sample 
of  a  material  to  a  known,  predictable,  or  measurable  force  and  be  able 
to  determine  its  effect  in  terms  of  stress,  strain,  or  both.  All  of  this 
must  take  place  within  a  specific  time  frame;  in  this  case,  a  few  micro¬ 
seconds  or  milliseconds. 

One  of  the  early  apparatus  was  that  of  Clark  and  Wood  (1),  Fig.  1. 

This  consisted  of  an  air  driven  ram  which  applies  a  load  to  the  specimen. 
The  time  frame  of  load  application  is  a  function  of  the  mass  of  the  moving 
parts,  the  applied  force,  and  the  viscosity  and  velocity  of  the  fluid. 
Stresses  could  be  developed  in  10  milliseconds  and  held  for  6  seconds. 

No  stress  waves  were  propagated  within  the  sample  in  this  rapidly  applied 
constant  stress  test.  Samples  of  any  material  could  be  tested  in  this 
apparatus  because  there  were  no  stress  waves  propagated  and  hence  no 
reason  to  match  the  mechanical  impedance  of  the  material  to  that  of  the 
test  apparatus.  Stress,  strain  and  time  were  capable  of  accurate  mea¬ 
surement.  The  primary  limitation  of  this  method  is  the  time  frame  of 
loading,  which  has  been  subsequently  shortened  to  the  1  millisecond  range 
by  use  of  air  or  helium  instead  of  the  liquid  (2). 

An  item  of  similar  concept  is  driven  by  an  electromagnet  (3),  Fig.  2. 
The  stress,  strain,  and  time  are  capable  of  accurate  measurement  within 
the  1/2  millisecond  loading  time.  The  limitations  are  the  same  as  those 
of  Wood's  and  Clark's  device. 

In  order  to  obtain  loading  in  the  time  frames  shorter  than  1  milli¬ 
second,  several  devices  or  methods  have  been  evolved  which  depend  upon 
the  impact  equations  of  Young  (1807),  These  could  be  roughly  separated 
into  three  classes,  namely:  the  impact  of  one  cylinder  against  another 
of  the  same  diameter,  the  impact  of  a  cylinder  against  a  strong  massive 
target,  or  combinations  of  the  above.  The  impact  equation  states  that  the 
resulting  stress  is  the  product  of  the  acoustic  impedance  times  the  impact 
velocity  (J  -  P  cv.  One  factor  which  must  be  measured  as  a  transient 
is  the  effectivc'impact  velocity,  as  will  be  shown. 
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Fig.  i  Schematic  diagram  of  apparatus 
Wood  in  their  study  of  delay  time. 
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Tin:  apparatus  used  by  l)r.  Kralit  of  NRL  is  shown  in  Fig.  i  A 
steel  rod  is  propelled  and  guided  against  a  rod  of  the  same  diameter 
Stress  waves  start  at  the  point  of  impact  and  control  the  intensity  and 
duration  of  stress.  I'he  impact  stress,  which  was  cut  in  half  due  to 
impact  against  a  similar  rod,  is  doubled  or  restored  by  a  fixed  end 
reflection  against  a  heavy  steel  block.  The  stress  then  goes  back  thru 
the  specimen  until  the  other  stress  wave  causes  unloading.  The  load  can 
be  applied  in  a  few  microseconds  and  held  for  1/2  millisecond  or  other 
values  depending  on  the  length  of  the  impacting  bar  or  failure  of  the 
spec  itnen. 

Another  impact  machine  has  been  used  by  Campbell  and  Maiden  (4) 

Fig.  4.  The  point  of  impact  causes  a  stress  wave  to  be  propagated 
down  bar  potion  A.  The  stress  is  increased  by  "semi-free  end"  reflec¬ 
tions  at  the  ends  of  portions  A  and  B.  After  passing  through  the  speci¬ 
men  the  duration  of  the  loading  is  controlled  by  the  length  of  the  "throw 
off"  bar  at  the  bottom.  The  characteristics  of  this  device  are  similar 
to  those  of  Dr.  Krafft's. 

The  materials  used  in  both  of  the  above  devices  has  been  the  same  as 
that  of  the  loading  rods.  The  acoustic  impedance  of  the  specimen  is  the 
same  as  the  load  rod  and  no  stress  waves  reflect  from  the  specimen  rod 
interface.  Under  this  concept  the  limitations  of  this  method  are  the  type 
of  material  and  its  dynamic  "strength"  or  response  compared  to  the  static 
strength  of  loading  rods. 

Materials  which  have  acoustic  impedance  differing  from  the  rod  can 
also  be  used  with  this  apparatus.  In  this  case  the  specimen  is  made 
into  a  thin  disk  so  that  the  time  for  stress  waves  to  cross  back  and  for¬ 
ward  across  the  sample  is  very  short  compared  to  the  loading  tine. 

In  any  case  the  main  limitation  of  these  devices  is  not  time,  but  the 
dynamic  response  of  the  material  under  test  as  compared  to  the  static 
strength  of  the  loading  rods. 

Thus  a  real  cpiestion  arises.  What  method  can  be  used  to  dynamic¬ 
ally  test  a  material  which  is  stronger  than  other  materials?  This 
material  cannot  be  tested  in  the  rapid  loading  devices  of  Clark  and  Wood 
because  the  time  frame  of  loading  may  not  be  sufficiently  short.  The 
material  cannot  be  used  in  the  device  of  Krafft  because  it  may  be  stronger 
than  the  apparatus  used  to  test  it. 

In  194H  Taylor  and  Whiffin  (5)  devised  a  method  for  stress  determina¬ 
tion  by  firing  flat  ended  cylinders  against  massive  steel  blocks.  They 
derived  a  set  of  equations  to  determine  the  approximate  dynamic  yield 
strength  from  a  measure  of  the  original  and  final  dimensions  of  the  steel 
cylinder,  its  density  and  impact  velocity.  Figure  5  shows  a  schematic 
of  their  experiment.  Their  method  involves  an  energy  balance  as  is 
evidenced  by  a  Vo^  term  in  their  computations.  The  same  sort  of  a 
system  can  be  used  to  obtain  data  on  stress  directly  in  terms  of  Vo 
instead  of  Vo  . 


Fig  ■  3 .  Schematic  drawing  of  apparatus 


Fig.  -0L  4 Schematic  diagram  (exaggerated)  of  the  mechanical 
Impact  apparatus  of  Campbell  and  Maiden 
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Fig.  $  Impact  of  a  high  speed  metal  projectile  in  determin¬ 
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A  ■>  mipl  1 1  led  method  is  p  imposed  which  can  a<  (  omplish  the  study  of 
dynamic  strength  during  short  duration  impact.  It  involves  a  system 
very  similar  m  appearance  to  that  of  Taylor  and  Whiffin.  The  primary 
differem c  is  tliat  the  impact  velocity  is  reduced  from  the  high  impact 
speeds  of  Taylor  (up  to  i,  S00  feet  per  second)  to  lower  speeds  which 
cause  a  direct  stress  corresponding  to  Young's  impact  equation 

(J  C  pV  Under  these  conditions,  the  duration  of  a  loading  for 
the  forward  end  of  a  non-yielding  specimen  can  be  calculated  with  a 
reasonable  degree  of  accuracy  and  will  be  equal  to  2L/C0. 

A  brief  outline  of  this  method  is  given  below: 

a  A  flat -ended  cylinder  is  subjected  to  a  guided  impact  against 
a  massive  and  strong  target  area  (Armor  steel)  which  has  been  grounded 
to  a  flat  surface  The  impact  velocity  is  low  and  is  calculated  on  the 
basis  of  Young  s  impact  equation  For  maximum  versatility  the  target 
should  be  part  of  a  ballistic:  pendulum  of  long  radius. 

b.  The  object  of  the  method  is  to  determine  the  highest  impact 
velocity  at  which  the  specimen  does  not  fail  (neglecting  pre-yield  micro 
strain). 

c.  The  time  for  loading  for  the  forward  end  of  a  non-yielding 
cylinder  is  equal  to  2L/C0  where  L  in  the  length.  Specimens  of  dif¬ 
ferent  length  ran  be  used  to  obtain  variations  in  loading  time. 

d.  In  the  event  that  a  specimen  does  not  fail  on  the  first  impact, 

the  same  specimen  can  be  impacted  repeatedly  at  the  same  velocity  until 
failure.  The  number  of  impacts  multiplied  by  the  duration  of  impact 
can  be  used  to  estimate  one  point  on  the  delay- time- versus- stre ss 
curve  for  materials  which  exhibit  delay  time. 

e.  The  length  and  diameter  of  the  specimen  can  be  varied  over  a 
reasonable  range  (L  from  0 .  5  to  5  inches  and  D  from  0.  1  to  0.  5  inches). 
In  order  to  guide  the  shorter  projectiles  it  may  be  necessary  to  attach 

a  bar  of  another  material  having  low  strength  and  acoustic  impedance 
on  the  rear  end  of  the  projectile. 

This  method  offers  several  advantages  including  the  following: 

a  The  method  is  simple  and  uses  a  minimum  of  facilities  and 
instrumentation  Impact  velocity  is  the  only  transient  event  to  be  con¬ 
trolled  and  measured.  The  use  of  photo  electric  circuits  or  charged 
screens  and  high  speed  electronic  chronographs  should  make  accurate 
measurement  possible. 

b.  Materials  on  any  acoustic  impedance  can  be  investigated.  The 
material  of  the  specimen  can  be  very  strong,  in  fact,  stronger  than  the 
impact  area  of  the  target  mass  due  to  the  differences  in  stress  distri¬ 
bution  in  the  project  as  compared  to  stress  distribution  in  the  target. 


c  The  duration  of  imjact  of  the  forward  end  can  be  directly  calcu¬ 
lated  to  a  reasonable  accuracy. 

d.  A  reasonable  balance  between  the  input  and  the  pendulum  response 
should  be  possible  because  the  specimen  does  not  yield  excessively. 

Apparent  disadvantages  include: 

a.  There  are  limits  to  the  duration  of  loading  to  specimen  length 
and  number  of  multiple  impacts.  In  general,  the  loading  time  will  be 
short  and  generally  less  than  100  microseconds. 

b.  In  the  case  of  multiple  impact  and  accrual  of  delay  time,  the 
impact  velocity  must  be  the  same.  It  may  be  difficult  to  control  the 
impact  velocity  to  the  required  degree  of  accuracy. 

c.  For  a  test  involving  a  single  impact  which  appears  inherently 
to  be  more  reliable,  the  two  factors  of  load  duration  and  stress  (which 
depend  on  projectile  length  and  impact  velocity)  must  be  in  the  correct 
combination  for  a  non-yielding  specimen.  If  the  specimen  were  projected 
at  a  slightly  greater  velocity,  it  would  fail  plastically.  Many  tests  may 
have  to  be  performed  to  "zero  in"  on  the  correct  velocity  for  each  length. 

In  this  method  we  find  stress  in  terms  of  impact  velocity  assuming 
that  the  acoustic  impedance  does  not  change  (  (T -  C0o  Vo).  We  also 
can  find  J  Fdt  and  J  mdv  from  the  pendulum  data  assuming  that 
dt  is  afunction  of  the  specimen  length  and  CD.  Both  of  these  assumptions 
involve  CQ,  which  must  also  be  measured  in  instances  where  materials 
of  unusual  or  unknown  characteristics  are  under  study, 

The  value  of  Co  can  be  derived  from  the  time  which  the  specimen 
remains  in  contact  with  the  target.  For  electrically  conducting  materials 
this  might  be  done  by  electrical  contacts.  For  non-conducting  materials 
a  separate  apparatus  might  be  required  which  is  designed  for  this  deter¬ 
mination  only.  In  any  event  we  have  not  yet  needed  to  use  this  method 
and  have  not  yet  built  any  equipment  associated  with  it. 

(The  above  material  is  contained  in  USAERDL  Report  1643-TR-- 
The  Response  of  Materials  to  Dynamic  Loads--  20  July  60,  ASTIA-AD 
243  547.  ) 
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DISCUSSION 

Dr.  Bailey,  U.  S.  Army  Quartermaster  Res  &  Eng  Center:  I  wonder  if 
you  could  describe  the  material  itself  in  condition  of  delayed  yield?  Do 
you  know  anything  about  what  changes  have  taken  place  in  the  material? 

Mr,  Paca:  When  you  talk  about  dynamic  strength  and  dynamic  response 
in  a  material,  you  have  to  determine  at  first  whether  the  material  actually 
has  strength  or  is  this  just  a  response.  In  delay  yield,  you  probably  all 
know,  that  if  the  delay  in  time  is  100  microseconds,  and  if  you  only  subject 
the  material  to  50  microseconds  work,  you  have  done  50  microseconds  work 
of  dislocation  damage.  It  was  found  that  if  you  fun  delayed  yield  tests  under 
constant  rate  of  strain  loading  and  suddenly  applied  constant  stress,  these 
can  be  interchanged.  There  is  a  certain  stress  point  at  which  you  don't 
have  any  delayed  yield.  I  think  this  is  the  activation  energy  at  absolute  zero 
or  something  like  that.  This  is  why  the  Taylor  and  Griffin  experiments 
cannot  handle  material  of  delayed  yield.  Because  when  you  impact  some¬ 
thing  against  a  target  at  25,  000  fps,  your  stress  far  exceeds  the  activation 
energy  at  absolute  zero. 


STRUCTURAL  RESPONSE  TO  MISSILE  THRUST 


.1 .  N.  Crenshaw* 


ABSTRACT 


This  paper  presents  a  method  for  the  evaluation  of  a  so-called  Dynamic 
Load  Factor  for  use  in  the  design  of  missile  structures.  In  the  general  case 
one  of  the  major  shocks  that  the  missile  experiences  is  a  result  of  the  in¬ 
crease  of  the  thrust  vector  as  the  motor  is  ignited. 

Application  of  the  technique  to  the  problem  of  determining  a  design  fac¬ 
tor  for  use  in  missile  structures  is  the  objective  of  this  study.  This  work 
is  based  on  effort  accomplished  in  the  feasibility  study  stages  of  the  SATURN 
vehicle  by  Dr.  Rudolph  Glaser,  MSFC,  NASA.  Consideration  of  missile 
structures  as  mass-spring  combinations  may  be  used  to  provide  a  mathema¬ 
tical  model  for  investigation.  In  the  simplest  case  a  single- spring,  single¬ 
mass  combination  can  be  utilized.  In  the  general  case  (for  complex  elastic 
structures)  n  mass-spring  combinations  are  possible. 

Initially,  investigation  develops  a  mathematical  model  for  a  thrust  time 
history  of  a  missile  motor.  Comparison  of  this  theoretical  model  with  meas¬ 
ured  firing  test  results  is  shown.  Application  of  thrust  as  a  forcing  func¬ 
tion  on  a  single-mass  spring  model  is  accomplished.  Using  the  ratio  of  a 
natural  frequency  of  the  spring  mass  to  the  frequency  of  the  forcing  function 
as  a  parameter,  the  response  of  the  vehicle  in  terms  of  a  multiple  of  the  in¬ 
stantaneously  impressed  force  is  defined. 

This  investigation  shows  that  use  of  a  single  spring-mass  model  re¬ 
sults  in  dynamic  load  factor  values  which  compare  favorably  with  tests  as 
found  in  a  particular  test  case.  Need  for  additional  test  measurement  pro¬ 
cedures  and  a  clarification  of  the  relationship  of  the  actual  structural  mass 
distribution  to  the  forces  that  are  generated  as  a  result  of  motion  is  necessary. 


*  J.  N.  Crenshaw,  Chief,  Dynamics  Analysis  Branch,  Structures  and 
Mechanics  Laboratory,  Redstone  Arsenal,  Alabama. 
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Initially,  it  is  pointed  out  that  Dr.  Rudolph  Glaser  of  the  Structures 
Branch,  P&VD,  Marshall  Space  Flight  Center,  Huntsville,  Alabama  is 
the  originator  of  the  basic  analysis  and  simplification  techniques  utilized 
herein.  From  the  time  that  man  first  understood  the  meaning  of  the  word 
load,  he  has  attempted  to  account  for  the  response  of  the  resisting  struc¬ 
tures  by  various  methods.  Consideration  of  all  the  types  of  loads  allows  us 
to  distinguish  two  individual  c lassi fications- - static  (constant,  time-inde¬ 
pendent)  and  dynamic  (time  -  varying,  time- dependent).  For  design  require¬ 
ments  we  must  determine  the  maximum  worst  loading  condition  which  the 
structure  is  expected  to  survive.  Since  a  dynamic  load  is  composed  of  two 
elements- -the  external  force  and  the  inertial  force  resulting  from  the  mo¬ 
tion  of  the  masses  themselves- -it  is  necessary  to  consider  the  combined 
effect.  The  rapid  burning  of  modern-day  propellants  imposes  the  dynamic 
condition  on  the  thrust  force  utilized  to  propel  missiles. 

Any  elastic  structure  may  be  modeled  by  a  single  mass-spring  system. 
Assume  that  we  impress  the  time- dependent  external  load,  F(t),  on  the  mass 
and  that  damping  is  negligible.  We  may  now  express  the  equation  of  motion 
of  this  system  as 


m  x  +  k  x  =  F(t)  (1) 

If  we  assume  a  load  F(t)  as  shown  in  Fig.  1,  we  may  approximate  the  func¬ 
tion  by  a  number  of  straight  lines.  The  slopes  of  the  straight  line  pieces 

are  ai  i  =  1,  2 . n 

and  the  time  increments, 

tj  i  =  1,  2, . n  +  1 

are  the  abscissas  of  the  interaction  points.  Actually,  the  function  which 
we  consider  here  is  composed  of  individual  load  elements  (Fig.  2)  with  a 
particular  slope: 

a  -  _ I _ 

ln+l  ‘  ln 

Introduction  of  two  separate  load  functions  at  time  points,  tn  and  tn+j  , 

as  shown  in  Fig.  3  allows  representation  of  the  total  load  element  by  super¬ 
position.  For  any  straight  line  interval,  i.e.  t  we  may  express 

the  differential  equation  resulting  from  the  first  load  function  as: 


m  x  +  k  x  =  a(t  -  tn)  (2) 

1  "  ln 
x  =  0 
x  =  0 
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FIG.  3  SUPER  POSITION  OF  TWO  LINEAR  LOAD 

FUNCTIONS 


If  we  assume  the  initial  conditions  as  shown,  the  solution  of  the  equation 
1  s  gi ven  by : 

x  _i!_(t  -  t  )  -  - sin  00  It  -  tn)  (3) 

k  k  CO 


Multiplying  by  k  gives: 

k  x  -  a(t  -  tn)  -  a  sin  60  (t  -  tn)  (4) 

CO 

where  kx  is  the  resulting  spring  force  due  to  the  vibration  of  the  system. 
The  term  kx  is  usually  called  the  "Dynamic  Response".  As  shown  by 
Equation  (4),  the  response  is  a  function  which  oscillates  about  the  linear 
segment  of  the  load  function  as  shown  in  Fig.  4.  Similarly,  the  response 
of  the  second  load  function  of  Fig.  i  is  given  by. 


k  x 


a(t  -  tn+1) 


(0 


-sin  CO  (t  tn  +  1) 


Use  of  a  suitable  time  function  such  as: 


A(t*.  t)  =  1/2 


I t  -  t*j  +  ft  -  t*) 


(5) 


(6) 


allows  us  to  combine  the  superposed  functions  (4)  and  (5)  because 

f  0  t  <  t* 

Alt*,  t)  =  {  t  -  t#  t  >  t* 


(7) 


It  is  possible  to  express  the  dynamic  response  of  an  external  force 
approximated  by  straight  lines  as  shown  in  Fig.  2  by  a  linear  combination 
of  expressions; 

zz,  f a.  r  •» 


kx  - 


i  =  1 


li  sin  60A(t-  t) 


CO 

The  first  term  in  Equation  (8)  represents  the  external  load  and  the  second 
term  represents  the  oscillating  inertial  forces  of  the  moving  structure  as 
shown  in  Fig.  4.  If  for  the  considered  time  the  internal  inertial  forces  are 
less  than  maximum  F,  then  instantaneous  DLF  equals  the  dynamic  response, 
kx.  divided  by  instantaneous  forcing  load.  If  we  turn  now  to  consideration 
of  the  time  interval,  t  ,>  tn_^,  and  we  consider  the  constant  portion  of  the 
thrust- time  curve,  Equation  (8)  may  be  reduced  to  the  following  form: 

n 


k  x  =  max  F 


r 


r=.  i 


CO 


sin  CO  (t  -  tn!  sin  CO  (t  -  tn+1)  (9) 


b\\ 


# 


r 


I 


1 


» 


which  may  be  expressed  in  two  forms 


k  x  -= 

max  F  — 

or 

k  x  - 

max  F  - 

with  constants: 

?,  - 

1 

60 

T  -- 

1 

i 

60 

and 

T,  = 
Ta  = 

A  cos  0 
A  sin  0 

A  = 

T2  * 

1 

f- 

arc  tan 

Equation  (11), 

which  we 

i  =  1 
n 

\  ’ 

1  =  1 


a-(cos60t-+|  -  cos  Wtj) 


T2 

2 

T 


T; 


(10) 


(11) 


(12) 


(13) 


(14) 

(15) 

(16) 

(17) 


denotes  a  sinusoidal  vibration  about  the  constant,  instantaneous  load,  maxi¬ 
mum  F.  If  we  consider  a  time  interval  t  ^tn+j,  Equation  (8)  becomes: 
n 

k  x  =  '  ai  sin  60(t  -  t„)  -  sin60(t  -  t„ii)  (18) 


i  ^  1 


to 


Now  if  we  consider  again  Fig,  2,  we  note  that  we  have  established  a 
value  of  dynamic  response  for  the  linear  load  function  over  two  separate 
time  intervals,  i.e.  tn  through  tn+j  and  tn+j  through  tn+j.  Utilizing 
Equations  (9),  (18),  and  the  expressions  for  the  forms  shown  in  Equations 
(12),  (13),  (14),  (15),  (16),  and  (17),  we  may  calculate  the  instantaneous 
value  of  dynamic  response  for  any  time  point  in  the  thrust-time  history  of  the 
missile  thrust. 


If  we  can  express  our  problem  in  a  mathematical  model  for  a  single 
mass-spring  arrangement,  we  may  determine  the  effect  of  thrust  varia¬ 
tion  on  an  elastic  structure.  A  particular  application  for  this  technique 
is  the  problem  of  determining  a  Dynamic  Load  Factor  for  the  design  of  a 
*  hold-down  fixture  for  a  missile.  A  very  useful  parameter  is  the  ratio  of 
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the  natural  I  requem  y  of  t In*  spring-mass  It)  the  frequency  of  the  forcing 
funetion.  It  is  possible  with  a  known  average  thrust-time  history  for  a 
given  motor  to  show  the  relationship  of  DLF  to  the  natural  frequency  of 
the  structure.  Parametric  studies  investigating  this  relationship  enable 
us  to  arrive  at  realistic  values  of  weight  and  stiffness  for  the  structure 
at  a  point  in  preliminary  analysis  much  earlier  than  otherwise. 


DISCUSSION 


Dr,  Bailey,  U.  S,  Army  Quartermaster  Res  &:  Eng  Center:  Have  you  ob¬ 
served  any  malfunctioning  of  missiles  due  to  this  hold  down  thing? 

Mr,  Crenshaw:  No,  because  to  be  quite  honest,  most  of  the  current  missile 
designs  simply  assume  some  dynamic  load  for  the  purpose  of  stress  analysis. 
Of  course,  you  have  to  look  realistically  at  the  whole  design  condition.  I 
might  point  out  one  thing.  The  staggering  of  the  engines  on  the  Saturn, 
after  studying  the  firing  of  the  engines,  was  arrived  at  on  the  basis  of  this 
technique . 

Herman  P.  Gay,  APG-BRL:  I  think  you  might  be  interested  to  know  that 
during  the  war  sometime  J.  M.  Franklin  at  the  David  Taylor  Model  Basin 
was  interested  in  similar  subjects,  and  published  a  report  called  "The 
Response  of  Simple  Elastic  Structures  to  Impact".  He  handled  some  func¬ 
tions  like  you  indicated  and  I  think  he  may  have  gotten  an  analytical  solution 
in  addition  to  some  other  work.  It  is  a  very  interesting  technique  and  very 
useful  one.  There  was  also  some  work  done  by  Ayre  on  the  West  Coast  and 
later  followed  up  by  R.E,  D.  Bishop  in  England,  on  a  phase  plane  technique 
which  is  similar  to  and  rather  an  extension  of  Franklin's  work.  It  is  always 
difficult  in  stepwise  linear  problems  to  approximate  the  force.  Instead  of 
approximating  the  force  by  series  of  ramp  functions  we  approximated  it  by 
a  series  of  step  functions  and  it  took  some  experience  on  the  part  of  the  op¬ 
erator  to  pick  out  the  proper  widths  and  heights  of  the  steps.  But  we  found 
that  one  can  get  quite  good  reproducible  accuracy  if  one  approximates  Fdt 
by  a  senes  of  sectors  and  from  this  calculates  the  corresponding  forces 
and  their  duration. 

Mr.  Crenshaw.  I  would  like  to  make  one  more  comment.  This  approach 
does  not  claim  to  be  anything  more  than  just  elementary  mathematics.  But 
it  is  a  technique  and  it  is  surprising  that  it  comes  up  with  good  answers.  I 
have  seen  a  number  of  other  techniques.  Convair,  for  example,  developed 
an  excellent  one  and  used  it  on  the  Polaris.  It  was  entirely  different  from 
this;  and  they  came  up  with  a  useful  result.  What  I  am  saying,  gentlemen, 
is  that  I  have  gotten  away  from  the  dynamic  behavior  of  materials  and  got 
into  the  realm  of  structural  dynamics,  the  analysis  of  structural  dynamics. 
Look  at  it  in  this  light.  You  must  have  a  technique  which  helps  to  obtain  data 
for  the  designer  to  use  when  he  puts  his  ideas  on  the  board.  I  am  sort  of  a 


hybrid,  h.ilf  way  between  a  scientist  and  an  engineer,  and  I  feel  very  strongly 
about  this.  You  must  have  struc  tural  integrity,  you  must  have  numbers  to 
prove  it;  you  must  be  able  to  tell  if  these  numbers  arc  realistic  by  tests.  I 
got  real  enthusiastic  over  this,  and  if  anyone  wishes  to  contribute  his  ideas 
on  the  subject,  please  do  so. 

Irwin  Viouiess,  U.  S.  Naval  Ren  I  .ah:  First  before  I  make  any  comment,  I 
would  like  to  thank  the  Army  and  the  other  persons  who  have;  made  the  ar¬ 
rangements  and  provided  this  very  interesting  meeting  for  us.  As  far  as 
this  particular  paper  is  concerned,  it  has  been  most  interesting  to  me  also. 
The  technique  described  is  almost  identical  to  what  we  call  shock- spectra. 
And  it  is  also  almost  the  same  as  what  was  developed  by  Biot  for  the  analy¬ 
sis  of  earthquake  shocks.  I  would  like  to  impress  upon  everyone  that  if  you 
use  the  normal  mode  approach  for  the  calculation  of  response  of  a  compli¬ 
cated  structure,  you  can  break  it  down  into  any  number  of  degrees  of  free¬ 
dom  that  you  wish  and  you  may  even  consider  it  to  be  a  distributed  mass  sys¬ 
tem.  You  do  not.  have  to  break  it  down  to  mass  spring  system;  the  responses, 
as  determined  for  the  single  degree  of  freedom  system,  may  be  placed  in 
the  equations  which  would  be  used  for  the  solution  of  the  more  complicated 
case  and  give  a  direct  answer  so  that  no  integrations  need  to  be  carried  out 
in  the  more  complicated  case.  And  that  is  one  reason  that  it  has  had  such 
wide  acceptance  in  a  general  field  of  shock  and  vibrations  for  determining 
the  response  of  structures. 

Dr.  Hammer:  I  want  to  congratulate  Mr.  Crenshaw  for  his  enthusiasm.  I 
am  also  part  scientist  and  part  engineer  and  I  would  like  to  encourage  you 
to  keep  up  the  good  work.  Wc,  at  Springfield  Armory,  are  using  the  phase 
plane  method  for  recoil  analysis  and  our  results  greatly  help  the  designers. 
As  a  matter  of  fact,  we  incorporated  this  technique  into  an  academic  pre¬ 
sentation  called  "The  Big  Three  -  Analytical  Design,  Engineering  Photo 
Analysis,  Analog  Computer",  and  used  it  for  analyzing  a  37mm  AA  weapon. 
We  applied  the  method  illustrated  by  you  repeatedly  and  checked  and  double 
checked  it  with  high  speed  motion  pictures  and  analog  computer.  I  am 
sorry  that  I  did  not  know  about  this  phase  of  your  presentation  because  I 
would  have  been  able  to  show  slides  which  would  indicate  that  there  was  ex¬ 
cellent  correlation  between  results  established  with  the  three  mentioned 
techniques  and  the  results  were  of  great  help  to  the  designers.  Keep  up 
your  enthusiasm  and  more  power  to  you. 

Mr,  Crenshaw:  Thank  you,  Dr.  Hammer.  No  doubt,  the  presented  tech¬ 
nique  was  over-simplified  but  it  could  be  used  for  solving  more  complex 
problems . 

Dr.  Hammer:  In  order  to  be  accepted  or  be  helpful,  it  is  not  necessary 
that  the  technique  should  be  a  complicated  one.  What  the  designer  needs 
is  the  simple  approach,  not  necessarily  adorned  with  erudite  mathematical 
manipulations.  Do  not  apologize  for  your  simple  approach;  the  simpler  the 
better. 
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PROJECTION  TECHNIQUES 


J.  W.  Gehring 

Head,  High  Velocity  Impact  Gp,  Flight  Physics  Laboratory 
General  Motors  Corporation  Defense  Research  Laboratories 
General  Motors  Corporation,  Box  T 
Santa  Barbara,  California 


This  paper  reviews  the  techniques  used  to  accelerate  projectiles  to 
high  vc l  ocity  for  impact  and  similar  studies.  Each  type  of  projector  is 
described  briefly.  The  current  capability  of  each  is  discussed  as  well  as 
their  potential  for  future  improvement. 

The  type  of  projector  used  for  a  high  velocity  impact  experiment  is 
shown  to  depend  critically  upon  the  velocity  and  the  projectile  to  be  fired, 
in  the  sense  that  each  projector  has  some  unique  features,  which  make  it 
particularly  applicable  for  certain  experiments,  but  none  are  universally 
useful.  The  state-of-the-art  is  reviewed  and  it  is  pointed  out  that  gas 
guns,  explosive  guns,  and  electric  guns  are  the  principal  types  of  projec¬ 
tors,  although  only  the  first  two  have  been  developed  to  produce  high 
velocity,  except  for  microparticles.  Current  performance  capabilities 
are  discussed,  and  it  is  found  that  light-gas  guns  are  capable  of  launching 
projectiles  of  known  and  controllable  shape,  mass,  material,  and  orienta¬ 
tion  at  velocities  near  30,  000  ft.  /  sec.  ,  that  explosive  techniques  can 
accelerate  certain  projectiles  of  less  well  defined  shape  and  mass  to  a 
velocity  of  near  70,  000  ft.  /  sec.  ,  but  that  electric  guns  have  not  yet  launched 
sizeable  projectiles  at  even  the  relatively  low  velocity  of  10,  000  ft.  /  sec. 

Tile  future  potential  of  high  velocity  projectors  is  discussed.  It  is 
concluded  that  light-gas  guns  and  explosive  devices  are  the  most  promising 
types  for  sizeable  projectiles  and  the  electrostatic  accelerators  for  micro¬ 
particles.  Performance  estimates  indicate  that  light-gas  guns  may  be 
capable  of  firing  at  velocities  of  40,  000  ft.  /  sec.  and  explosive  devices  at 
velocities  of  80,  000  ft.  /  sec.  and  possibly  as  high  as  100,  000  ft.  /  sec. 


DEFECTS  IN  SOLIDS  AT  HIGH  VELOCITIES 
A.  N.  Stroh 
Associate  Professor 
Massachusetts  Institute  of  Technology 
Cambridge  39,  Massachusetts 


The  behavior  of  dislocations  moving  at  both  subsonic  and  supersonic 
velocities  is  reviewed.  At  supersonic  velocities  energy  is  radiated  and 


a  rather  high  stress  is  needed  to  maintain  the  motion.  The  properties  of 
edge  and  screw  dislocations  which  differ  much  more  at  high  velocities  than 
at  low  are  contrasted.  A  major  problem  of  dislocation  dynamics  is  the 
nature  of  the  resistive  forces  limiting  the  velocity  and  current  ideas  on 
tins  are  discussed.  1'he  dependence  of  the  dislocation  velocity  on  the 
applied  stress  lias  been  measured  for  several  materials,  but  the  relation¬ 
ship  is  not  yet  fully  understood.  Finally  the  production  of  point  defects 
by  rapidly  moving  dislocations  is  considered. 


WAVE  PROPAGATION  IN  UNIAXIAL  STRAIN 
John  H.  Percy 
Research  Engineer 
Massachusetts  Institute  of  Technology 
Cambridge  39,  Massachusetts 


Interest  in  this  topic  centers  on  the  constitutive  equation  or  behavior 
of  materials  under  the  extreme  conditions  of  high  impulse  loading.  Recent 
and  current  work  in  the  field  is  treated  generally  and  one  area,  the  elastic- 
plastic  behavior  of  aluminum  at  comparatively  low  pressures,  is  considered 
in  detail.  The  outlook  for  future  work  is  discussed. 


STATIC  FRACTURE 
George.  R.  Irwin 

Superintendent,  Mechanics  Division 
U.  S.  Naval  Research  Laboratory 
Washington  <15,  D.  C. 


This  paper  discusses  the  conditions  governing  the  development  of  un¬ 
stable  progressive  crack  extension  a£  normal  speeds  of  stress  application. 
Progress  in  this  field  has  resulted  from  separating  the  topics  of  fracture 
initiation  and  crack  extension.  The  relevance  of  laboratory  tests  to  ser¬ 
vice  behavior  may  then  be  represented  for  fracture  initiation  by  flaw 
statistical  analysis  and  for  crack  extension  by  fracture  mechanics  analysis. 
The  concepts  now  at  hand  for  fracture  strength  and  for  the  ductile-brittle 
fracture  mode  transition  will  substantially  assist  the  establishment  of  sound 
relationships  between  atomic  and  macroscopic  properties.  The  impact  of 
new  viewpoints  is  expected  to  be  of  special  practical  interest  in  application 
to  new  fields  such  as  composite  materials,  adhesive  joints,  and  fatigue. 
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TIME  DEPENDENT  FRACTURE 
C.  C.  Hsiao 
Associate  Professor 
University  of  Minnesota 
Minneapolis  14,  Minnesota 


A  brief  account  is  given  of  some  recent  efforts  here  and  abroad  in 
studying  the  nature  of  rupture  of  solids.  One  of  the  important  factors  has 
been  found  to  be  the  variation  of  time  in  the  process  of  destruction  of  the 
solids.  For  a  large  variety  of  solids  both  in  experiment  and  in  theory  the 
logarithm  of  time  has  shown  to  be  linearly  related  with  the  applied  uniaxial 
state  of  tensile  breaking  stress.  This  linear  law  has  been  established  at 
least  for  some  solids  over  a  time  range  of  a  dozen  decades  from  micro¬ 
seconds  through  months.  Some  suggestions  are  also  given  for  future 
investigations  on  the  time  dependent  fracture  of  solids. 


SOME  PROBLEMS  IN  DYNAMIC  RESPONSE 
OF  TWO-DIMENSIONAL  STRUCTURES 
W.  H.  Hoppmann  II 
Professor  of  Mechanics 
The  Rensselaer  Polytechnic  Institute 
Troy,  New  York 

The  paper  presents  a  discussion  of  the  problem  of  dynamical  response 
of  simple  two-dimensional  structures  such  as  plates  and  shells  to  impulse 
loading.  Consideration  is  given  to  the  relationship  between  propagation  of 
waves  in  the  medium  and  the  normal  mode  vibrations  of  the  medium.  Con¬ 
sideration  is  also  given  to  the  connection  between  the  theory  of  dynamics 
of  the  three-dimensional  continuum  and  that  for  the  two-dimensional  struc¬ 
tures.  The  need  for  studies  on  one- dimensional  bars  is  taken  into  account. 
The  role  of  the  constitutive  equations  and  change  of  state  of  the  material 
under  load  is  briefly  discussed.  Finally  motivations  for  various  kinds  of 
studies  on  the  subject  and  also  future  needs  are  surveyed. 

HYPERVELOCITY  IMPACT  STATUS  OF 
EXPERIMENTS 
Walter  Herrmann 
Aeronautical  Research  Engineer 
Massachusetts  Institute  of  Technology 
Cambridge  39,  Massachusetts 

A  brief  account  of  the  development  of  hypervelocity  impact  experimen¬ 
tation  is  given,  and  the  applicability  of  the  presently  available  information 
to  target  design  is  discussed.  Most  of  the  available  information  referes  to 


cratering  m  effectively  semi-inlmite  targets,  or  penetration  of  a  single 
thin  target,  at  velocities  below  It)  km/ sec.  1'his  information  is  not 
directly  applicable  to  hvperballi  Stic  penetration  of  complex  built  up 
targets,  nor  to  penetration  at  meteoroid  velocities.  Dynamic  measure¬ 
ments  of  quantities  dining  crater  formation,  however,  have  led  to  a  de¬ 
tailed  qualitative  understanding  of  cratering  physics,  which  should 
ultimately  lead  to  an  adequate  theory  which  will  be  useful  as  a  design 
tool,  and  allow  rational  extrapolation  to  higher  velocities. 

DYNAMIC  PROPERTIES  OF  MATTER 
UNDER  HIGH  STRESS- THERMODYNAMIC 
DESCRIPTIONS 
Harold  L.  Brode 
Phy  sici  st 

The  RAND  Corporation 
Santa  Monica,  California 

Although  solids  behave  elastically  at  very  low  stress  levels,  and 
exhibit  complex  visco-elastic  and  plastic  behavior  at  higher  stress  levels, 
when  stresses  in  the  megabar  range  are  applied,  it  is  generally  more  mean¬ 
ingful  to  ignore  stress  tensor  descriptions  and  turn  to  thermodynamic  and 
fluid  dynamic  descriptions.  At  high  enough  stress  levels  any  material  must 
be  viewed  as  a  compressible  fluid. 

Some  empirical  information  i.s  available  in  the  regions  of  stress  of  a 
few  kilobars  to  a  few  megabars  from  high  explosive  shock  experiments. 
Static  compression  data  are  useful  guides  at  lower  stresses,  but  at  the 
highest  levels  one  finds  the  properties  are  reasonably  well  determined  by 
atomic  models  such  as  a  Fermi- Thomus-Diruc  temperature  dependent 
model.  Theoretical  calculations,  numerical- in  nature,  have  provided  the 
thermodynamic  properties  of  all  atomic  elements.  The  properties  of 
chemical  mixtures  as  occur  in  natural  materials  can  be  constructed 
from  suitable  combinations  of  these  elementary  results.  Successful 
use  has  been  made  of  such  results  for  calculations  of  dynamic  response 
under  high  impulse  loadings  in  a  variety  of  applications. 

DYNAMIC  ANALYSIS  IN  VISCOELASTIC 
MEDIA 
R.  J.  Aren/. 

Research  Assistant 
California  Institute  of  Technology 
Pasadena,  California 

Distinguishing  characteristics  of  viscoelastic  media  are  reviewed  with 
special  reference  to  dynamic  stress  analysis.  To  circumvent  the  inherent 
computational  difficulties  in  the  usual  transform  type  of  solutions,  an 


extension  of  the  Schapery  method  is  proposed  for  approximating  the  vis¬ 
coelastic  strain  distribution  due  to  wave  effects.  From  an  experimental 
standpoint,  the  use  of  photoelastic  materials  to  model  the  responses  due 
to  dynamic  loading  id  discussed.  It  is  emphasized  that  quantitative  analy¬ 
sis  depends  upon  knowing  the  birefringence  as  a  function  of  strain  rate 
and  temperature.  Certain  characteristics  pertinent  to  its  measurement 
are  therefore  reviewed  in  order  that  dynamic  photoviscoelasticity  may  be 
used  in  conjunction  with  the  dynamic  mechanical  property  characterization 
to  complete  a  dynamic  viscoelastic  analysis.  A  method  of  correlating  the 
approximate  analysis  with  experimental  results  is  pointed  out. 

SPALL  FRACTURE 
C.  D.  Lundergan 

Chief,  Physical  Properties  Division 
Sandia  Corporation 
Albuquerque,  New  Mexico 

The  reported  spall  thresholds  in  copper,  namely;  ultimate,  upper  and 
lower  fracture,  and  separation  are  discussed  with  relation  to  the  stress¬ 
time  history  in  the  region  of  failure  and  to  the  experimental  techniques 
used  to  induce  the  shock  waves.  The  dynamic  properties  under  uniaxial 
strain,  and  the  geometry  of  the  medium  which  influences  the  fracture  and 
separation  spall  thresholds  in  polycrystalline  metals  are  considered. 

Some  suggestions  are  made  as  to  the  applicability  of  the  various  approache 
of  determining  spall  thresholds  for  obtaining  more  information  about  the 
microscopic  and  structural  behavior  of  mediums  subjected  to  short  time 
intense  impulsive  loads. 

UNIAXIAL  STRESS  CONDITIONS 
Gordon  L.  Filbey,  Jr. 

University  of  Pennsylvania 
Philadelphia,  Pennsylvania 

The  propagation  of  waves  of  plastic  deformation  is  experimentally 
studied  in  rods  undergoing  free  flight  impact  with  diffraction  grating 
strain  gages.  Verification  of  the  strain-rate-independent  theory  of 
Karman  and  Taylor  has  been  demonstrated  for  several  annealed  fee 
metals  by  Bell,  using  impact  velocities  up  to  1100  inch/ sec,  and  at 
3000  inch/  sec  in  experiments  of  the  author  with  annealed  aluminum. 
Aspects  of  dynamic  overstress,  initial  development  of  the  plastic  wave, 
final  strain  distribution  in  finite  rods  and  unloading  phenomenon  are  dis¬ 
cussed. 


ORIENTED  SOLIDS 
.1.  L.  Erickson 
Mec  hanics  Department 
Tlu*  Johns  Hopkins  University 
Baltimore,  Maryland 

Roughly,  a  continuum  theory  of  oriented  materials  is  one  which 
ascribes  a  structure  to  a  material  point.  This  concept  is  useful  for 
combining  ideas  concerning  microscopic  structure  with  thoughts  con¬ 
cerning  the  macroscopic  behavior  of  materials.  Our  purpose  is  to 
describe  some  theories  of  this  type  which  show  promise  as  theories 
to  describe  nonlinear  mechanical  behavior  of  solids. 

DISLOCATION  CONCEPTS  OF  STRAIN 
RATE  EFFECTS 
J.  E.  Dorn  and  Frank  Hanser 
University  of  California 
Berkeley,  California 

Whereas  von  Karman  and  Taylor  independently  based  their  analyses 
for  plastic  wave  propagation  on  the  deformation  concept  which  assumes 
the  deformation  stress  is  exclusively  a  function  of  the  plastic  strain, 
Malvern  believed  that  a  viscoelastic  type  of  behavior  is  more  realistic, 
assuming  the  flow  stress  is  a  function  of  the  strain  rate  as  well  as  the 
strain.  With  relatively  few  exceptions,  current  investigators  of  plastic 
wave  propagation  phenomena  are  rather  sharply  divided  into  two  camps, 
those  that  insist  on  the  von  Karman- Taylor  type  of  formulation  and 
those  that  adhere  to  the  Malvern  approach.  It  is  the  thesis  of  this  paper 
that  both  concepts  are  substanaially  correct  under  appropriate  circum¬ 
stances.  This  thesis  will  be  upheld  not  only  in  terms  of  new  experimen¬ 
tal  evidence  but  also  in  terms  of  deductions  arrived  at  from  elementary 
dislocation  theory. 
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HIGH  SPEED  TENSILE  TESTING 
OT  SELECTED  POLYMERS 
R.  IT.  Cosm; r 

Umui!  Carbide  Chemicals  Company 
South  Charleston,  West  Virginia 

Ec|uipment  and  li  sting  techniques  for  tensile  testing  with  complete 
continuity  of  crosshead  speeds  from  0.  02  to  Id,  000  inches  per  minute  are 
described  and  discussed.  Included  are  methods  of  actuation,  load  cells, 
velocity  monitoring,  and  environmental  chambers  for  -100°C  to  +d00  C. 

The  effects  of  rate  and  temperature,  as  determined  by  these  techni¬ 
ques,  upon  the  mechanical  behavior  of  high  and  low  density  polyethylene 
and  plasticized  vinyl  are  presented  and  discussed. 

HIGH  SPEED  COMPRESSION  TESTING 
OF  THERMOPLASTICS 
Richard  E.  Ely 

U.  S.  Army  Ordnance  Missile  Command 
Redstone  Arsenal,  Alabama 

Compressive  properties  for  polyethylene,  ethyl  cellulose,  and 
cellulose  acetate  butyrate  are  reported  for  stress  rates  ranging  from  sta¬ 
tic  conditions  to  1,  000,  000  psi/ sec.  and  for  several  test  temperatures.  The 
cylindrical  compression  specimens  had  a  slenderness  ratio  of  8,  and  the 
specimen  ends  were  lubricated  to  reduce  the  effect  of  end  constraint. 

Stresses  at  specific  strain  values  and  secant  moduli  are  reported  for  over 
$30  tests.  Tests  were  conducted  with  the  aid  of  an  Instron  Tester  and  a 
pneumatic-type,  high-speed  compression  machine  which  was  developed  for 
this  study. 

A  second  study  was  conducted  to  investigate  the  influence  of  specimen 
length  and  test  method  on  the  compressive  properties  of  plastics.  Room- 
temperature  tests  were  rondm  ted  at  constant  strain  rate  by  using  a  pre¬ 
scribed  crosshead  velocity  with  each  length  of  specimen.  Two  strains 
rates  and  specimens  with  both  dry  and  lubricated  ends  were  employed. 

These  results  are  utilized  to  interpret  the  data  obtained  at  high  loading 
r  ate  s . 
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IMPACT  PERFORMANCE  OF  HIGH  STRENGTH 
1 1 T- 1  AND  NYLON  PARACHUTE  MA  TERIALS 
TO  MACII  0.  7 

f  Robert  J.  Coskren,  Chauncey  C  .  Clm,  Henry  M.  Morgan^ 

Fabric  Research  Laboratories,  Inf : . 

,  Dedham,  Massachusetts 

A  machine  has  been  designed  and  constructed  under  the  sponsorship 
o  f  ASD^)  which  is  capable  of  evaluating  parachute  components  of  up  to 
V  10,  000  pounds  static  breaking  strength  at  impact,  velocities  between  200 

and  700  feet  per  second.  The  system  consists  mainly  of  a  helium  operated 
cannon  for  propelling  various  masses,  together  with  photog raphic  instru¬ 
mentation  for  observing  the  impact.  Force  is  measured  from  missile 
*  deceleration  during  impact.  Extension  is  measured  directly  from  changes 

in  gage  mark  spacing  on  the  test  specimen.  Energy  absorption  is  calculated 
from  the  displacement  of  two  ballistic  pendulums. 

Results  reveal  that,  at  impact  speeds,  force  and  strain  waves  are 
generated  which  cause  rapid  changes  in  the  tensile  response  cf  the  materials 
studied. 

Energy  measurements  indicate  a  potential  change  in  the  stress- strain 
.  curves  of  the  components  during  impact.  The  energy  absorbing  capacity  of 

HT-1  materials,  in  particular,  is  reduced  considerably  at  impact  velocities 
in  excess  of  500  peel  per  second. 

A  color  movie  illustrating  the  operation  of  the  equipment  will  be  shown. 
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(1)  Present  address:  KLH  Research  and  Development  Corporation, 

Cambridge,  Massachusetts. 

(2)  Aeronautical  Systems  Division,  U.  S.  A.  F.  Contract  Nos.  AF  33(616)- 
6321  and  -7627. 

REPORT  ON  ROUND  ROBIN  TESTING 
OF  THERMOPLASTICS 

ASTM  Committee  D-20  Task  Group  on  High  Speed  Testing 
Gordon  D.  Patterson,  Jr. 

E.  I.  du  Pont  de  Nemours  &  Co.  ,  Inc. 

Wil  mington  98,  Deleware 

In  recognition  of  accelerating  interest  in  the  significance  of  the 
mechanical  behavior  of  visco-elastic  materials  at  high  strain  rates,  ASTM 
Committee  D-20  on  Plastics  has  instituted  a  long-range  inter- laboratory 
testing  program.  This  work  seeks  to  assess  the  effects  of  various  techni¬ 
ques  and  equipment  characteristics  on  the  quantitative  data  obtained.  Progress 
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is  reported  ur  lour  round  robins  wbrrrir  the  data  in  part  confirm  certain 
theoretical  suppositions  and  further  suggest  important  test  parameters  re¬ 
quiring  clarification. 

AN  INVESTIGATION  OF  THE  DYNAMIC 
MECHANIC  AL  PROPERTIES  OF  POLYETHYLENE 
S.  Matsuoku  and  C.  J.  Aloisio 
Bell  Telephone  Laboratories 
Murray  Hill,  New  Jersey 

The  stres s- strain  properties  of  linear  and  branched  polyethylenes 
with  various  thermal  histories  were  investigated  with  Maxwell's  dynamic 
tester^)  at  frequencies  from  0.  01  to  100  cycles  per  second  and  at  tempera¬ 
tures  from  -70  to  +100°C.  The  "beta"  peak  in  a  loss  tangent  vs.  log 
frequency  curve  for  branched  polyethylene  was  found  to  shift  with  temperature 
change  in  the  Arrhenius  manner  rather  than  following  the  W-L-F  equation. 
Linear  polyethylene  does  not  exhibit  the  "beta"  peak  at  corresponding  tempera¬ 
tures  and  frequencies,  but  it  was  found  to  have  a  peak  at  about  70°C  and  1 
cycle  per  second.  This  peak  was  found  to  shift  with  temperature  change 
similarly  to  the  above  mentioned  "beta"  peak  in  branched  polyethylene. 

The  experimental  apparatus  is  described  in  detail.  Relations  between  the 
dynamic  properties  of  polymers  and  their  behavior  under  actual  use  condi¬ 
tions  are  discussed. 


(1)  B.  Maxwell,  ASTM  Bulletin  No.  215,  July  1956,  p.  76  (TP132) 

(2)  M.  L.  Williams,  R.  F.  Landel,  and  J.  D.  Ferry,  J.  American  Chem. 

Soc.  77,  5701  (1955) 

» 

THE  BEHAVIOR  OF  FILAMENTOUS 
MATERIALS  SUBJECTED  TO  HIGH  SPEED 
TENSILE  IMPACT 

Jack  C,  Smith  J 

National  Bureau  of  Standards 
Washington  2  5,  D.  C. 

When  a  filamentous  material  is  subjected  to  an  impact  either  trans¬ 
versely  or  longitudinally  m  tension,  a  strain  wave  is  produced  which 
propagates  along  the  filament  away  from  the  point  of  impact.  If  this 
strain  wave  is  sufficiently  small  the  behavior  of  the  material  can  be 

characterized  by  stress-strain  and  specific  breaking  energy  data.  A  " 

transverse- impact  tester  and  a  rotating  disk  impact  tester,  both  opera¬ 
ting  at  impact  speeds  up  to  70  m/ sec,  are  used  for  this  purpose. 

When  the  magnitude  of  the  strain  wave  is  large,  the  material  may 
be  characterized  by  its  stress-strain  data  and  critical  breaking  velocity. 
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Thu  sc  data  are  obtained  by  studying  photographically  the  configurations  and 
strain  distributions  in  filaments  struck  transversely  by  rifle  bullets  at 
velocities  up  to  900  m/sec. 

The  impact  behavior  of  several  materials  is  illustrated  with  data 
obtained  under  various  impact  conditions.  The  results  are  interpreted 
theoretically  and  methods  of  improving  the  impact  characteristics  of 
these  materials  are  discussed. 


PRODUCTION  OF  STRONG  SHOCKS  IN  PLASTICS 
BY  ULTRA-SHORT  IMPULSIVE  LOADING 
Dr.  Arthur  H.  Guenther 
Air  Force  Special  Weapons  Center 
Kirtland  AFB,  New  Mexico 


Pressures  in  excess  of  100  KB  can  be  produced  in  plastics  by  the 
impact  of  high  velocity. thin  plates.  These  plates,  mainly  mylar  and  lu- 
cite  in  the  range  of  10  to  .  6  cm  in  thickness  and  areal  dimensions  to 
7.  5  cm  square,  have  been  accelerated  by  an  exploding  foil  technique. 
Plates  impacted  at  velocities  approaching  5  x  10  cm/sec  have  been 
used  for  the  study  of  material  dynamics  at  high  transient  pressures. 
Pulse  lengths  in  the  0.1  to  few  microsecond  region  can  be  produced  by 
this  technique  and  the  variation  of  the  strength  of  materials  with  pulse 
length  can  be  determined.  A  description  of  the  technique  and  methods 
for  analyzing  the  data  will  be  presented  including  a  short  film  depicting 
the  construction  of  the  transducer  and  photographic  equipment  used  in 
the  laboratory  for  the  velocity  determination.  Variations  of  the  techni¬ 
que  as  applied  to  equation  of  state  and  other  methods  for  velocity  de¬ 
termination  will  also  be  presented. 


EXPERIMENTS  ON  THE  MECHANISM  OF  SPALL 
Donald  W.  Blincow  and  Donald  V.  Keller 
The  Boeing  Company 
Seattle,  Washington 

One-dimensional  impulse  loading  experiments  have  been  carried  out 
on  Lucite  and  aluminum  to  determine  if  the  spall  process  occurs  instan¬ 
taneously  upon  the  attainment  of  a  critical  tensile  stress,  or  if  there  is 
a  time  delay  between  the  attainment  of  a  given  tensile  stress  and  spalla¬ 
tion.  The  experiments  involve  the  collision  of  two  flat  plates:  a  driver 
and  a  target.  The  velocity  of  the  driver  is  adjusted  until  the  threshold 
velocity  for  spall  of  the  target  is  obtained.  The  experiment  is  repeated 
but  with  the  thicknesses  of  the  two  plates  scaled  by  some  factor  (Of).  The 
maximum  tension  is  then  unchanged,  but  the  time  over  which  it  acts  is 
changed  by  the  factor  (QO. 


In  I  lus  i  n.im  ii- r  I  In  di.i.ilu'i  mI  I  in  mi  hi  ii  .is  varied  trom  L  10  1 1  >  SO  ... 

10”  1  sec  i  nid  s  1 1  ■  r  1  an  :  I  •  ,  and  limn  10  '  In  Z  S  10  1  .seconds  lor  aluminum. 
The  threshold  velocity  lor  Lci'itc  spall  remained  constant  (f>()  meters  /  sc  i  ond) 
indicating  that,  on  r  1 1 .  i :  •  time  scale,  the  spall  mechanism  for  l.icite  is  time 
independent  and  that  a  c  r.ln  .il  Irnsilc  stress  exists  (->*1  kilobat).  The  tlires- 
hold  driver  velocity  lor  aluminum  spall  me  reused  with  decreasing  driver 
thickness  indicating  a  time  dependent  spall  mechanism  tor  this  material, 
i.e.  -  a  critical  tensile  stress  docs  not  exist. 

ON  EXPERIMENTAL  SOLID  DYNAMICS 
George  Gerard,  Ralph  Papirno  and  Herbert  Becker 
Ness  York  University,  Nesv  York,  New  York 

There  is  a  strong  interdependence  betsveen  the  apparent  dynamic  pro- 
perties  of  materials  and  the  quantities  measured  by  various  experimental 
techniques.  The  principal  task  facing  the  investigator  lies  in  the  inference 
of  stress  from  the  measured  quantities.  In  this  report  emphasis  is  placed 
upon  the  test,  technique  and  its  influence  upon  the  measured  quantities  ra¬ 
ther  than  upon  the  correlation  ci  data  with  theory.  Three  different  types 
of  solid  dynamics  experiments  are  reviewed  from  the  standpoint  of  inter¬ 
pretation  of  stress:  (1)  One  dimensional  tension  impact  studies  in  which 
dynamic  strain  measurements  are  made  simultaneously  at  several  stations 
remote  from  the  impac  t  area,  (d)  Two  dimensional  studies  on  impulsively 
loaded  diaphragms  where  dynamic  strain  and  dynamic  deflection  are  mea¬ 
sured  in  an  essentially  wave  tree  environment;  (i)  Dynamic  photoelastic 
techniques  employing  stroboscopic  lighting  and  repeated  impacts  where 
the  minute  details  of  a  propagating  wave  can  be  investigated. 

ON  THE  MEASUREMENT  OP’  DYNAMIC  STRESS-STRAIN  CURVES 
WI  TH  A  UNIFORM  UNIAXIAL  STRESS  SYSTEM 

U.  C.  Johnson,  B.  A.  Stein  and  R.  S.  Davis 
Arthur  1).  Little.  Inc.,  Cambridge,  Massachusetts 

Past  investigation  of  the  strain  rate  dependence  of  the  mechanical 
properties  of  solids  have  been  earned  out  primarily  through  a  study  of 
the  propagation  characteristic,  s  of  plastic  waves  down  specimens  in  a 
rod  or  wire  configuration.  There  are  difficulties  with  experiments  of 
this  type  because  of  the  nonuniformity  ci  stress  and  strain  along  the  spe¬ 
cimen  at  any  instant  of  time.  Moreover,  in  many  cases  the  experimental 
techniques  used  are  sin.li  as  to  impose  constraints  to  lateral  flow,  which 
constitutes  a  departure  Irom  the  true  rod  configuration. 

We  have  designed  an  experimental  technique  which  does  not  involve 
these  difficulties  and  have  used  it  for  measurement  of  the  strain  rate 
dependence  of  the  plastic,  flow  behavior  of  metals.  Specifically,  we  have 
observed  the  dynamic  behavior  of  a  freely  expanding  ring  of  the  material 
under  study. 

The  experimental  technique  used  imparts  to  the  ring  an  initial 
uniform  radial  velocity  away  from  its  center.  The  instant  that  the  ring 


bourns  to  move,  it  separates  from  the-  energy  source.  Thereafter,  the 
only  force  acting  on  the  ring  is  its  own  circumferential  or  hoop  stress. 
Since  the  ring  cross-section  is  small  relative  to  its  diameter,  there  are 
no  constraints  to  lateral  flow,  and  the  stress  in  the  ring  is  homogeneous 
in  any  cross-section.  The  initial  velocity  of  the  ring  is  uniform  so  that 
the  hoop  stress  is  uniform,  and  there  are,  therefore,  no  plastic  waves 
propagating  along  the  circumference.  The  ring  decelerates  as  a  result 
of  this  uniform,  uniaxial  stress. 

Strain  measurements  are  carried  out  by  high-speed  photographic 
techniques.  The  instananeous  stress  acting  in  the  ring  is  given  (exactly) 
by  the  equation 


where  p  is  the  material  density,  r  is  the  instantaneous  radius  of  the 
ring,  and  r  is  the  instantaneous  deceleration. 

The  strain-time  relationship  is  measured  from  the  photographic 
record,  and  the  stress  corresponding  to  each  level  of  strain  is  computed 
from  the  second  differential  of  a  curve  analytically  fitted  to  the  strain¬ 
time  data.  It  has  also  been  possible  to  measure  the  uniform  elongation 
before  failure  at  high  rates  of  strain  for  a  number  of  materials  under 
conditions  of  dynamic,  uniform  loading  without  constraints  to  lateral 
flow, 


We  have  measured  the  stre ss- strain  curves  for  99.99%  aluminum, 
annealed  Armco  iron,  and  annealed  304  stainless  steel  at  initial  strain 
rates  from  10^  to  10^  per  second. 

THE  METALLURGICAL  EFFECTS  OF  EXPLOSIVE 
STRAINING  OF  SELECTED  METAL  ALLOYS* 

Louis  Zernow,  Irving  Lieberman,  John  Wilkin  and  Erik  Henriksen 
Aerojet-General  Corporation 
Downey,  California 
and 

W.  B.  McPherson 
Marshall  Space  Flight  Center 
Huntsville,  Alabama 

A  series  of  selected  alloys  have  been  subjected  to  both  conventional 
and  explosive  straining  in  a  study  aimed  at  comparing  their  behavior  and 
evaluating  the  metallurgical  effects. 

The  alloys  studied  include  5456-0  aluminum  alloy,  AISI  301  stainless 
steel,  17-7  PH  stainless  steel  and  the  two  titanium  alloys  6A1-4V  and 
!3V-llCr-  3A1. 


Both  um.i.vi.tl  .uni  lii.ixi.il  sir. lining  studies  arc  lining  curried  out.  The 
early  data  indie. lies  marked  sensitivity  <»!  the  mechanical  properties  of  some 
of  the  materials  to  the  limber  strain  rates. 

This  study  is  being  supported  under  Contract  NAS  H-Zdlb. 

THEORETICAL  PREDICTION  OF  STRAIN 
DISTRIBUTION  UNDER  IMPACT  LOADING 
S.  Rnjnuk,  F.  Hauser,  and  J.  E.  Dorn 
University  of  California 
Berkeley,  California 

A  recent  determination  of  the  relation  between  stress,  strain  and 
strain- rate  for  polycrystalline  pure  aluminum  under  impact  loading  per- 
mits  precise  theoretical  predictions  to  be  made  of  the  behavior  of  thin  ( 

bars  using  a  "Malvern"  type  system  of  equations.  A  computation  was 
carried  out  to  check  the  validity  of  Kolsky's  "thin  wafftr"  technique  for 
determining  the  relation  between  stress,  strain  and  strain- rate.  A 
long  tubular  bar  was  impacted  and  the  final  strain  distribution  was 
predicted  using  the  experimentally  determined  strain-rate  function. 

Excellent  agreement  was  obtained. 

PLASTIC  IMPACTS  ON  SHORT  CYLINDRICAL  SPECIMENS 

# 

E.  A.  Ripperger  and  C.  H.  Karnes 
The  University  of  Texas 
Austin,  Texas 

During  the  past  two  decades,  much  effort  has  been  devoted  to  the 
determination  of  the  relationship  between  stress,  strain,  and  strain 
rate  for  engineering  materials.  Experimental  evidence  is  available 
which  indicates  that  for  a  given  mate  rial  there  is  a  strain-rate  effect, 
and  likewise,  evidence  is  available  which  indicates  that  for  the  same 
material  there  is  no  effect.  These  conflicting  results  are  evidence 

of  the  difficulty  of  the  problem  of  determining  dynamic  stress-strain  ^ 

characteristics  and  of  the  need  for  further  study  of  the  problem.  In¬ 
terest  in  this  aspect  of  material  properties  is  generated  to  a  large 
extent  by  a  need  for  such  information  in  the  analysis  of  plastic  wave 
propagation,  and  in  the  analysis  of  structures  loaded  dynamically. 

Ideally,  one  would  like  to  be  able  to  measure  stress,  strain  and 
strain-rate  characteristics  independently  of  all  other  considerations. 

Unfortunately,  this  does  not  appear  to  be  possible  where  high  strain-  ( 

rates  are  involved.  Application  of  the  loading  required  is  accompanied 
by  stress  wave  propagation  phenomena  in  which  strain  rates  are  apt  to 
be  high  and  to  some  extent  indeterminate.  It  therefore  appears  that 
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stress,  strain,  strain-rate  relationships  should  be  investigated  in¬ 
directly  by  studying  the  propagation  of  waves,  and  in  particular  the 
propagation  of  plastic  waves.  The  problem  is  a  difficult  one  so  it 
should  not  be  expected  that  it  can  be  solved  in  a  neat  and  simple 
manner.  As  E.  H.  Lee  pointed  out  in  I960,  more  quantitative 
information  is  needed  to  determine  the  specific  nature  of  an  ade¬ 
quate  material  properties  law.  By  this  he  means  information  con¬ 
cerning  the  variation  of  stress  with  time  and  distance  from  the 
point  of  load  application.  It  is  the  purpose  of  this  paper  to  present 
some  information  of  the  type  to  which  Lee  refers.  Two  well  known 
theories  of  plastic  wave  propagation,  or  of  dynamic  material  pro¬ 
perties,  have  been  used  to  calculate  stresses  and  strains  produced 
by  impacts,  and  these  calculated  values  have  been  compared  with 
measured  values. 

In  the  first  of  these  theories,  referred  to  as  the  nonstrain- 
rate  theory,  the  material  is  assumed  to  follow  the  same  stress- 
strain  relationship  under  dynamic  loading  as  it  follows  under  static 
loading.  The  second  theory,  referred  to  as  the  strain-rate  theory 
is  based  upon  the  assumption  that  the  stress  is  a  function  of  the 
instantaneous  stress  and  strain  rate. 


Short,  copper  specimens  in  compression  impact  have  been  used 
to  make  it  possible  to  measure  stresses  with  the  pressure  bar  techni¬ 
que  at  a  point  where  the  strains  are  still  in  the  plastic  range.  Strain 
is  measured  by  resistance  gages  on  the  specimen.  Comparisons  of 
these  measured  stresses  and  strains  with  corresponding  values 
predicted  by  theory  form  the  essence  of  the  paper. 

THE  THREE  LOW  PRESSURE  SPALL 
THRESHOLDS  IN  COPPER 
J.  H.  Smith 
Sandia  Corporation 
Albuquerque,  New  Mexico 

Distinct  spall  thresholds  are  found  in  copper  at  6,  13,  and  22 
kilobars  with  a  square  shock  pulse  of  1.  5  microsecond  duration.  These 
thresholds  are  somewhat  dependent  upon  the  pulse  width  and  shape  and 
upon  the  metallurgical  condition  of  the  sample. 


The  two  lower  thresholds  have  not  been^determined  previously  al¬ 
though  they  have  been  observed  qualitatively.  The  22  kilobar  threshold 


1.  J.  L.  O'Brien  and  R.  S.  Davis,  "On  the  Fracture  of  Solids  under 
Impulsive  Loading  Conditions,  "  Response  of  Metals  to  High  Velocity 
Deformation,  Vol.  9,  July  I960,  pp  371-388. 


531 


airri'spiiiuls  tu  the  28  kilubur  threshold  in  copper  measured  by  Rinehart. 
Tin1  elimination  o!  edge  clients,  in  the  present  work,  accounts  for  the 
lowering  of  this  threshold. 

To  determine  these  thresholds,  a  4-inch  diameter  projectile  is 
accelerated  in  an  air  gun  to  impact  two  copper  plates  together  in  an 
evacuated  chamber.  The  target  plate  uses  a  special  tapered  plug  de¬ 
sign  to  eliminate  edge  effects  until  after  spall  occurs. 

2.  J.  S.  Rinehart,  "Some  Quantitative  Data  Bearing  on  the  Scabbing  of 
Metals  under  Explosive  Attack,"  Journal  of  Applied  Physics,  Vol.  22, 
May  51,  pp  555-560. 

A  SUBMICROSECOND  TECHNIQUE  FOR  SIMULTANEOUS 
OBSERVATION  OF  INPUT  AND  PROPAGATED 
IMPACT  STRESSES 

W.  J.  Halpin,  O.  E.  Jones,  and  R.  A.  Graham 
Sandia  Corporation 
Albuquerque,  New  Mexico 

By  impacting  a  quart/,  gage  on  a  disk-shaped  specimen  in  a  pre¬ 
cisely  controlled  flat- faced  projectile  impact,  the  stress-time  history 
of  the  specimen  material  at  the  impact  surface  is  observed.  In  this 
manner  the  mechanical  behavior  of  the  material  in  one-dimensional 
strain  can  be  studied  separate  from  wave  propagation  effects  for 
rise  times  as  short  as  10-^  sec  and  for  stress  amplitudes  up  to  21 
kbar.  Simultaneously,  the  stress-time  profile  of  the  resulting  wave 
after  a  finite  propagation  distance  can  be  obtained  from  another 
quart/  gage  mounted  on  the  opposite  face  of  the  specimen.  The  gages 
are  X-cut.  quartz  disks  having  a  thickness  such  that  wave  transit  time 
through  the  disk  is  much  greater  than  time  variations  in  stress.  Under 
the  conditions  of  usage  the  specimen-to-quartz  interface  stress  is  pro¬ 
portional  to  the  instantaneous  current  output.  Typical  records  of  input 
and  propagated  stress-time  profiles  are  shown  for  aluminum,  mild 
steel,  and  barium  ti lunate.  The  technique  is  particularly  advantageous 
in  studies  of  the  dynamic,  yield  behavior  of  materials. 

FRACTURE  OF  SINGLE  CRYSTALS  UNDER 
EXPLOSIVE  LOADING 

C.  M.  Glass,  S.  K.  Golaski,  and  J.  J.  Misey 
Ballistic  Research  Laboratories 
Aberdeen  Proving  Ground,  Maryland 

Experiments  have  been  carried  out  on  the  high  velocity  deformation 
and  fracture  of  metals.  Copper  single  crystals  and  polycrystalline  speci¬ 
mens  have  been  subjected  to  explosive  loading  and  the  following  results 
have  been  obtained: 
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1.  Crystal  orientation  influences  the  reaction  of  the  metal 
specimens  at  pressures  of  testing  above  100  kilobars.  The  orienta¬ 
tion  factor  causes  a  redistribution  of  flow  in  the  reflected  tensile  wave. 

L.  The  fracture  of  the  specimen  is  not  "instantaneous",  but 

j  /  4 

times  between  10“  and  10”  seconds  are  required. 

3.  A  measure  of  the  theoretical  strength  of  the  metal  has 
been  obtained, 

•1.  Crack  velocities  have  been  calculated. 

5.  The  concept  of  an  energy  criteria  for  fracture,  rather  than 
a  maximum  stress  criteria  is  implied  from  the  data. 

In  addition,  variations  in  metal  reactions  to  the  compressive 
wave  are  shown  to  follow  a  pattern  best  described  by  the  assumption 
of  shear  deformation  occurring  during  the  compression  cycle.  Low 
rate  testing  has  shown  that,  over  a  small  distance  in  the  metal,  de¬ 
formation  is  not  uniform,  but  cyclic,  and  quite  dependent  on  the  pre¬ 
ferred  orientations  present  in  the  sample. 

RESIDUAL  TEMPERATURES  OF  SHOCK- LOADED  IRON 
R.  G.  McQueen,  E.  Zukas,  and  S.  Marsh 
Los  Alamos  Scientific  Laboratory 
Los  Alamos,  New  Mexico 

Iron  specimens  were  shock  loaded  in  vacuo  by  explosively- 
driven  iron  plates.  The  rarefaction  pressure  release  waves  subse¬ 
quently  destroyed  the  vacuum,  exposing  the  shock-heated  samples  to 
air.  An  oxide  coating  formed  on  the  surface  of  these  samples,  giving 
rise  to  the  well  known  temper  colors  of  iron.  Comparison  of  the  color 
of  the  shocked  specimens  with  that  of  prepared  standards  established 
the  residual  temperature  of  the  shocked  iron. 

Shock  pressures  were  measured  by  the  standard  flash-gap  techni¬ 
que,  and  ranged  from  about  500  to  750  kilobars.  In  this  region  it  was 
found  that  the  final  temperature  of  the  iron  varied  linearly  from  about 
500°K  to  750°K,  The  experimentally  determined  temperatures  are  in 
excellent  agreement  with  those  calculated. 

Work  performed  under  the  auspices  of  the  United  States  Atomic  Energy 
Commission. 
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CLOSING  COMMEN  TS  BY  GENERAL  CHAIRMAN, 
DR.SU  1)1  HR  KUMAR 


Before  tin-  Conference  is  closed,  I  would  like  to  express  my  very 
hearty  and  sincere  appreciation  to  all  the  speakers  for  having  taken  great 
pain  in  preparing  and  presenting  these  papers  here.  I  hope  they  will  for¬ 
give  the  planning  and  review  committee  members  for  their  continuous  re¬ 
minders  and  my  almost  annoying  calls  to  get  the  manuscripts  to  AROD  in 
time.  I  hope  we  did  not  hurt  anybody's  feelings  in  being  too  pressing  in 
this  direction.  I  also  would  like  to  thank  all  the  Chairmen  and  Co-Chairmen 
for  having  helped  to  conduct  the  meetings  so  well.  I  am  very  happy  to  say 
that  the  time  has  been  kept  very  well  too,  thanks  to  Chairmen  like  Dr. 

Bailey.  We  scheduled  to  finish  at  12:00  and  we  still  have  five  minutes  to 
go.  In  the  end,  last  but  not  the  least,  the  utmost  gratitude  is  felt  for  all 
the  attendees  who  have  done  so  much  to  make  this  Conference  an  outstand¬ 
ing  success  by  their  presence,  by  active  participation  in  the  discussions  of 
the  papers  and  by  free  exchange  of  ideas  between  engineers,  designers  and 
scientists  from  the  different  Commands.  Thank  you  very  much  once  again, 
and,  of  course,  our  deepest  thanks  go  to  our  host,  Springfield  Armory,  for 
organizing  this  Conference  in  a  most  excellent  manner.  And  now,  with 
these  few  comments,  I  will  close  the  U.  S.  Army  Conference  on  the  "Dynamic 
Behavior  of  Materials  and  Structures". 


Thank  you. 


